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SUMMARY

Pulse tube cryocooler (PTC) is a technology for cryogenic cooling which has no
moving part in its cold-end, unlike other types of cryocoolers such as Stirling cryocooler
and Gifford-McMahon (GM) cooler. The inherent simplicity and reliability of PTCs make
them particularly attractive for applications where long-life and reliability are critical. This
thesis focuses on the thermo-fluid aspects of PTCs, in particular, in the pulse tubes and the
regenerators, which are the most important components in a PTC.
A pulse tube is an empty tube which invokes a phase lag between mass flow and
pressure of the working fluid (often helium) under an imposed oscillating gas flow. It
replaces the cold piston in a Stirling cooler or the movement of the displacer in a GM
cooler. For best performance, pulse tube cryocoolers are installed vertically with their cold
ends pointing downwards with respect to gravity. A major problem for pulse tubes is the
occurrence of convective instability under non-ideal, tilted configuration, however, which
can result in a dramatic drop in the performance of a PTC. In this investigation, computer
simulations and experiments are used to investigate the convective instability in a PTC
under static and dynamic tilt conditions. To examine the effect of static tilt, the cooling
performance of a commercial pulse tube cryocooler is measured when it is tilted from an
ideal vertical orientation. In dynamic tilt experiments, the performance of the cryocooler
when it undergoes up-and-down (heave) or side-to-side (roll) periodic motions is
examined. A combined system-level analysis method and component-level computational
fluid dynamics (CFD) simulation is developed to model the operation of a pulse tube

xxiii

cryocooler under tilt conditions. The influence of minor geometric features is studied
parametrically.
Regenerators are the crucial components of PTCs as well as other regenerative
cryocoolers. Regenerators are also an important cause of losses in PTCs. Regenerators are
usually made of solid micro-porous materials, such as metal powders or screens, and are
subject to a periodic flow of the cryocooler’s working fluid. Ideally, regenerator filler
materials must have good thermal interaction with gas and low flow resistance to minimize
irreversibility. Unfortunately, these are conflicting requirements. In this thesis, the entropy
generation due to both heat transfer and viscous dissipation in generators were investigated
based on detailed pore-level simulations. A semi-analytical mathematical model was
developed to estimate the entropy generation in regenerators. Some parameters that assess
the relationship between entropy generation in the regenerator and the overall efficiency of
a PTC were elucidated. The developed semi-analytical model can be used as a general
guideline for the geometric design of regenerator fillers for the minimization of entropy
generation.
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CHAPTER 1:

1.1.

INTRODUCTION

What is Cryogenics
Cryogenics is the production and application of very low temperatures, usually in

the range from 123 K (150°C) to 0 K. At cryogenic temperatures the so-called permanent
gases, such as helium, hydrogen, nitrogen and oxygen can be liquefied. The properties of
materials, such as thermal conductivity, electrical conductivity, ductility and strength, can
all be altered significantly at cryogenic temperature.

1.2.

Applications of Cryogenics
Since 18th century when cryogenic temperatures were first achieved, more and more

applications of cryogenics emerge as the technology evolves.
Storage and transportation of gases were among the earliest applications of
cryogenics. When gases are liquefied, their specific volumes are reduced significantly and
thus the associated costs of transport and storage are reduced as well. A well-known
example is liquefied natural gas (LNG) which has had a rapidly expanding market in recent
years. LNG is a mixture of methane, ethane and other flammable hydrocarbon gases, which
can be liquefied at around 110 K. The specific volume of its gaseous form is about 600
times larger than the liquid form.
Life science, including cryopreservation and cryosurgery, is an emerging area in
which the cryogenic technologies are used extensively. Biological materials such as
viruses, bacteria, cells, tissues and organs can only be preserved in cryogenic temperature
for prolonged periods. In cryosurgery, liquid nitrogen or a low-temperature probe are used

1

to freeze and kill unhealthy cells in a highly localized and controlled manner. The dead
cells can then be eliminated from the body through the normal bodily processes.
Cryosurgery usually causes less damage to human body comparing with traditional surgical
method which cuts the unhealthy tissues directly.
Aerospace industry is another area where cryogenic technology has been widely
used. Liquid gases, such as liquid hydrogen and liquid oxygen, are used as fuels for
spacecraft. The transportation and preservation of these liquids are critical for the safety
and operation of a spacecraft. The infrared sensors and other extremely sensitive sensors
also need cryogenics to eliminate noises, such as infrared radiation of the sensor’s
enclosure and thermal noise.
In superconducting which is currently used in the cutting-edge electrical
engineering, magnetic levitation (MagLev) and computer science, and has profound and
game-changing potentials for future, cryogenics is the enabling technology. In magnetic
resonance imaging (MRI) system, a cryogenic temperature is required for the inner coil to
act as a superconductor so that a super-strong magnetic field can be generated with little
heat generation. Superconducting quantum computing is an emerging area which may
revolutionize computing in the future. A typical superconducting quantum computing
device needs to be cooled down below 100 mK, which can be achieved by dilution
refrigerators at present.

1.3.

Methods to Achieve Cryogenic Temperatures
The most direct question of cryogenics is how to achieve cryogenic temperatures.

Current technology can bring down the temperature from room temperature to as low as
100 pK (1.0 × 10−10 K).
2

In most industrial applications, the cooling is created by gas cycles. In the gas
cycles, the working fluid, such as helium, is compressed at the warm end. The heat created
by compression is emitted to the warm end surroundings. Then the working fluid is cooled
to the cold-end temperature by exchanging heat with either a recuperator or a regenerator.
Afterwards, the working fluid expends, and its temperature drops further and becomes
lower than the cold-end temperature. Therefore, it can absorb thermal energy from the
environment in cold end. Similar methods are also used in ordinary refrigeration and air
conditioning.

The

systems/coolers

using

recuperators

are

called

recuperative

systems/cryocoolers, and the ones using regenerators are referred to as regenerative
cryocoolers. Regenerative cryocoolers are the topic of this thesis and will be discussed
extensively in the forthcoming sections.
The boiling point of helium (4.21 K at normal pressure), is often used as a useful
threshold in discussion of cryogenics temperatures. The lower limit of the temperatures
that can be achieved by the gas cycles is close to the latter threshold, and these cycles in
multi-stage configurations can create temperatures down to a few K. Other methods need
to be used in order to achieve sub-Kelvin temperature. One of these techniques is dilution
refrigeration which utilizes the enthalpy of mixing and can provide continuous cooling to
temperatures as low as a few millikelvins. A typical dilution refrigerator uses helium
isotopes, 4He and

3

He . The enthalpy of mixing between

He and 3He at sub-Kelvin

4

temperatures is negative. When the mixture of 4He and 3He is cooled below 870 mK, it
will spontaneously separates into two phases, a concentrated phase that contains essentially
pure 3He and a dilute phase that contains 6.6 percent 3He and 93.4 percent 4He. In a
He/ 3He dilution refrigerator, 3He is the working fluid. A mixing chamber that contains

4

3

both concentrated phase and dilute phase is located at the cold end. The 3He in the dilute
phase is constantly extracted out by distilling so that new 3He in the concentrated phase
can mix into the

4

He in the dilute phase. The extracted gaseous

3

He is then cooled,

liquefied and pumped back to the mixing chamber. The mixing of 4He and 3He absorbs
thermal energy and thus creates cooling at the cold end.
Another technique that can provide cooling in temperatures of millikelvin-level is
Adiabatic Demagnetization Refrigeration which utilizes the magnetocaloric effect. The
temperature of a paramagnetic material decreases when the strength of the magnetic field
which the material is exposed to is reduced. When a paramagnetic material is exposed to a
magnetic field, the molecules in the material are aligned and sorted by the magnetic
field. When the strength of the magnetic field is reduced, the molecules start to absorb
thermal energy to de-align and re-orient. In an adiabatic demagnetization refrigerator, one
or several paramagnetic modules are placed in oscillating magnetic fields. Thermal
switches are used to control the thermal transportation through the paramagnetic material
from cold end to warm end. When the magnetic field increases, the paramagnetic module
is thermally connected to warm end and disconnected from the cold end. The temperature
of the module rises, and the thermal energy is transported to the warm end. When the
magnetic field diminishes, the module is thermally disconnected from the warm end and
connected to the cold end. The temperature of the module drops, and thermal energy is
absorbed from the cold end.

1.4.

Executive Research Summary
The cooling technologies centered on using gas cycles are widely utilized to

directly provide continuous cooling to temperatures from a 4 K to 123 K. Even in sub4

Kelvin applications regenerative cryocoolers are often used to provide a 4 K environment,
so that the 4K environment acts as the warm end for sub-Kelvin refrigerating methods.
Regenerative cryocoolers are often used in small applications which normally require up
to 1000 W cooling power, while recuperative refrigeration is used in large scale
applications. The pulse tube cryocooler (PTC), a regenerative cryocooler, is of special
interest in this research. Unlike other types of cryocoolers such as Stirling cryocooler and
Gifford-McMahon (GM) cooler, a PTC has no moving part in its cold end. The inherent
simplicity and reliability of PTCs make them attractive for applications where long-life
and reliability are critical. This research focuses on the thermo-fluid aspects of PTCs, in
particular, in the pulse tubes and the regenerators, which are the most important
components in a PTC.
A pulse tube is an empty tube which invokes a phase lag between mass flow and
pressure of the working fluid (often helium) under an imposed oscillating gas flow. It
replaces the cold piston in a Stirling cooler or the movement of the displacer in a GM
cooler. For best performance, pulse tube cryocoolers are installed vertically with their cold
ends pointing downwards with respect to gravity. A major problem for pulse tubes is the
occurrence of convective instability under non-ideal, tilted configuration, however, which
can result in a dramatic drop in the performance of a PTC. In this investigation, computer
simulations and experiments were used to investigate the convective instability in a PTC
under static and dynamic tilt conditions.
To examine the effect of static tilt, the cooling performance of a commercial pulse
tube cryocooler was measured when it was tilted from an ideal vertical orientation. A
combined system-level analysis method and component-level computational fluid

5

dynamics (CFD) simulation was developed to model the operation of a pulse tube
cryocooler under tilt conditions. The performance data from both simulations and
experiments were analyzed. A general guideline for designing the geometry of a pulse tube
was developed. Moreover, a discrepancy was founded between simulations and
experiments, and eventually inspired a parametric study regarding some seemingly minor
geometric features in pulse tubes. It was found that these seemingly minor geometric
features can cause streaming effects in pulse tubes and, therefore, lead to extra cooling
losses and sensitivity to the orientation with respect to gravity.
In dynamic tilt and motion experiments, the performance of a prototypical
cryocooler when it undergoes up-and-down (heaving) or side-to-side (rolling) periodic
motions was examined using a motion platform. It was found that when the PTC was at
vertical position, only side-to-side motion had a measurable effect on the cooling
performance of the PTC, and the heaving motion did not have a measurable effect of the
PTC’s performance. The PTC lost about 2% cooling power and showed motion-caused
fluctuations. When the PTC was at inverted position, up-and-down motion and side-to-side
motion resulted in 5% and 10% drop in the cooling power, respectively.
Regenerators are the crucial components of PTCs as well as other regenerative
cryocoolers. They are also an important cause of losses in PTCs. Regenerators are usually
made of solid micro-porous materials, such as metal powders or screens, and are subject to
a periodic flow of the cryocooler’s working fluid. Ideally, regenerator filler materials must
have good thermal interaction with gas and low flow resistance to minimize irreversibility.
Unfortunately, these are conflicting requirements. In this thesis, the entropy generation due
to both heat transfer and viscous dissipation in generators were investigated based on
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detailed pore-level simulations. A semi-analytical mathematical model was developed to
estimate the entropy generation in regenerators. The mathematical model was compared
with pore-level simulations. Parameters that represent the relationship between entropy
generation in the regenerator and the overall efficiency of a PTC were elucidated. The
developed semi-analytical model can be used as a general guideline for the geometric
design of regenerator fillers for the minimization of entropy generation.

7

CHAPTER 2:

2.1.

BACKGROUND

Cryogenic Technology using Gas Cycles
Recuperative refrigeration and regenerative cryocoolers are the two types of

cryogenic technology that use gas cycles. The primary difference between them is the type
of the heat exchanger that they used. When the working fluid flows from warm end to cold
end, it needs to give away its thermal energy in order to reach the cold-end temperature.
Similarly, when the working gas flows back, form cold end to warm end, it needs to absorb
thermal energy for its temperature to rise. The component in which these processes take

a) JT cycle

b) Brayton cycle

Figure 1. Schematics of recuperative refrigeration cycles. (a) JT cycle, (b) Brayton
cycle.
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place is a heat exchanger. In the heat exchanger, the thermal energy given away by the
warm fluid is used to warm up the cold fluid. However, the process is irreversible, and thus
a near-perfect heat exchanger is crucial to maximize the thermodynamic efficiency of any
gas refrigeration cycle.
Recuperative cycles are used in large scale applications which require high cooling
power, such as industrial gas liquification and particle accelerators. Figure 1 shows the
schematics of two representative recuperative cycles, Joule-Thomson (JT), and Brayton
cycles. In recuperative cycles, the flow of working fluid is continuous and one-directional.
The fluid is compressed at the warm end where the heat of compression is released to
atmosphere. Then the compressed fluid is precooled in a heat exchanger. Expansion occurs
afterwards in either a JT valve or an expander at the cold end and the temperature of the
fluid drops below the cold end temperature. Thus, the gas can take away heat from the cold
side. The expended gas then flows through the recuperative heat exchanger again to absorb
thermal energy. Its temperature is raised up to the warm-end temperature and thus the gas
is ready for a new cycle. The cooling is created by the expansion of gas. There are multiple
approaches for the expansion to occur. JT cycles use JT valves which have very simple
mechanical structures with no moving part. Due to this simplicity, JT cycles can be scaled
easily and are more robust than the Brayton cycle. However, JT cycle has a notable
shortcoming. The expansion, namely the Joule-Thomson expansion, of the working fluid
in JT cycle is an irreversible and adiabatic free expansion. In JT expansion, the gas does
zero work to the environment. The drop of temperature incurred during the expansion relies
on the real gas property of the working gas. If the working gas is an ideal gas its temperature
will remain constant during the expansion. In the cryogenic applications, the working gas
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is usually helium which is close to ideal gas even at very low temperatures. Therefore, JT
refrigeration cycle has poor efficiency for very low temperature applications. Brayton
cycles do not have this limitation. In a Brayton cycle, the expansion is nearly isentropic
and takes place in mechanical expenders, such as turbine expenders or piston-cylinder
expenders. The working gas does positive work to the environment when expending. Thus,
Brayton cycles have higher efficiency, especially at very low temperatures. On the other
hand, Brayton cycles require more maintenance and cannot be scaled easily because of
their mechanical expenders.
In a recuperative refrigeration, warm fluid and cold fluid exchange their thermal
energy in a recuperative heat exchanger. The process is irreversible and associated with
losses. High-effectiveness (usually better than 95%) heat exchangers are required to
achieve cryogenic temperatures. In order to meet this requirement, recuperative heat
exchangers need to have enough effective surface area for heat transfer. As a result, a
recuperative heat exchanger is usually the largest and may as well be the most expensive
component in a recuperative refrigeration cycle.
Regenerative cryocoolers use more compact heat exchangers, called regenerators,
because they work in a different way. Regenerative cryocoolers thus have advantages in
small-scale applications and can usually achieve lower cold-end temperatures and higher
Carnot efficiencies than recuperative cryocoolers [2]. Figure 2 shows the schematics of
three major types of regenerative cryocoolers: Stirling cryocooler, Gifford-McMahon
(GM) cryocooler and Stirling-type pulse tube cryocooler (PTC). In a regenerative cycle the
basic method of creating cooling, expansion of gas, is the same as a recuperative cycle.
However, the flow path in a regenerative cryocooler is not a closed loop. The working gas
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a)

b)

c)

Figure 2. Schematics of regenerative cryocoolers. (a) Stirling cryocooler. (b) GiffordMcMahon (GM) cryocooler. (c) Pulse tube cryocooler (PTC).
flows back and forth in a dead-end flow path. The warm and cold fluids share the same
flow path in the regenerator in a periodic manner. Therefore, the regenerator can be very
compact using porous materials, e.g. packed spheres, stacked screens and metal foams.
Consider a Stirling cryocooler, as shown in Figure 2(a), as an example. There are
two moving parts, a warm piston and a cold piston. The movements of the pistons are outof-phase. The working gas is first compressed by the warm piston at the warm end while
the cold piston does not move. Then, the warm piston and the cold piston move
simultaneously to right to push the gas through the regenerator to the cold end. At the same
time, the working fluid gives thermal energy to the regenerator until the gas temperature
drops to the cold-end temperature. The cold piston continues its movement after the warm
piston has stopped. The gas expands and absorbs thermal energy from the cold end. After
11

the expansion, the cold piston and the warm piston move together to push the expanded
gas back to the warm end. The gas picks up the thermal energy which was temporarily
stored in the regenerator before. And then, the gas is ready for the next cycle.
In terms of thermodynamics, the movement of the pistons in a Stirling cryocooler
controls the pressure and the mass flow of the working fluid. The periodic pressure and
mass flow must be out-of-phase in order to generate useful cooling. Other types of
cryocoolers which can create similar pressure-to-mass-flow phase difference relationship
as Stirling cryocoolers have been designed. GM cryocooler was developed by McMahon
and Gifford [3] and is a successful design that has no moving part in the cold end. As shown
in Figure 2(b), a GM cryocooler does not have a cold piston. The warm piston is replaced
by a cheaper rotary compressor. The compressor has a high-pressure line and a lowpressure line connected to a rotary valve. The valve controls which line and is connected
to the gas chamber in the cold finger. The regenerator is enclosed in a displacer which can
be moved. Unlike Stirling cryocoolers, GM cryocoolers move the regenerators rather than
the working fluid. The desired pressure-to-mass-flow phase relationship is generated by
the movement of the rotary valve and the displacer. Because there is no moving part at the
cold end, GM cryocoolers are more robust and easier to maintain.
Stirling-type PTC is another type of regenerative cryocooler that has no moving
part located in the cold end. For convenience, PTC will be used to represent Stirling-type
PTC in this thesis. As shown in Figure 2(c), the warm end (left-hand side) of a PTC is the
same as a Stirling cryocooler. The cold piston in a Stirling cryocooler is replaced by a
virtual gas piston, namely the pulse tube, in a PTC. The desired pressure-to-mass-flow
phase relationship is created by an impedance network. There are multiple ways to build a
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functional impedance network. In Figure 2(c), the shown cryocooler uses a pulse tube, an
orifice and a compliance tank to create the desired impedance. Because there is no moving
part at the cold ends, the inherent simplicity, robustness and low vibration make PTCs very
attractive for the applications where reliability and low vibration are crucial. However,
significant loss may occur in the pulse tube. The losses in the pulse tube is one of the major
topics in this research and will be discussed extensively.

2.2.

Acoustic Impedance
Before discussing the methods of building a functional impedance network, it is

necessary to introduce the oscillating flow and acoustic impedance. Neglecting the
multidimensional effects, oscillating gas flow can be analogized to alternating electric
current. Electric current is the movement of electrons which is driven by an electric
potential gradient. Similarly, the flow of gas is the movement of gas molecules which is
driven by a pressure gradient. The potential and current can be altered by electric
impedance and become out-of-phase. The pressure-to-mass-flow phase relationship can
also be altered by acoustic impedance.
Electrical impedance and acoustic impedance have very similar mathematical
properties and often can be analogized. When using complex numbers to represent
potential and current, the electrical impedance can be represented as:
𝑍𝑒𝑙𝑒𝑐 =

𝛥𝑉
𝐼

(1)

where 𝛥𝑉 is the electrical potential difference and 𝐼 is the electrical current. Similarly the
acoustic impedance can be shown as:
𝑍𝑎𝑐𝑜𝑢 =

𝛥𝑃
𝑚̇
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(2)

where 𝛥𝑃 is the complex form of pressure, and 𝑚̇ is the complex form of mass flow rate.
Electrical impedance and acoustic impedance have three components:
Z = 𝑍𝑅 + 𝑍𝐿 + 𝑍𝐶

(3)

where 𝑍𝑅 , 𝑍𝐿 and 𝑍𝐶 are the impedances contributed by resistance, inductance and
capacitance.
The impedance of ideal electrical resistors is pure real:
𝑍𝑅,𝑒𝑙𝑒𝑐 = 𝑅𝑒𝑙𝑒𝑐

(4)

where 𝑅𝑒𝑙𝑒𝑐 is the electrical resistance of the resistor. The impedance of the resistance
component in an acoustic network behaves similarly:
𝑍𝑅,𝑎𝑐𝑜𝑢 = 𝑅𝑎𝑐𝑜𝑢

(5)

where 𝑅𝑎𝑐𝑜𝑢 is the value of acoustic resistance.
The impedance of electrical inductors increases when the frequency of the current
increases:
𝑍𝐿,𝑒𝑙𝑒𝑐 = 𝑗𝜔𝐿𝑒𝑙𝑒𝑐

(6)

where 𝑗 = √−1 , 𝜔 is the angular velocity, and 𝐿𝑒𝑙𝑒𝑐 is the electrical inductance of the
inductor. Likewise, impedance of inductance components in an acoustic network is
𝑍𝐿,𝑎𝑐𝑜𝑢 = 𝑗𝜔𝐿𝑎𝑐𝑜𝑢

(7)

where 𝐿𝑎𝑐𝑜𝑢 is the acoustic inertance of the component.
The impedance of electrical capacitors decreases when the frequency increases:
𝑍𝐶,𝑒𝑙𝑒𝑐 = 1⁄𝑗𝜔𝐶
𝑒𝑙𝑒𝑐

(8)

where 𝐶𝑒𝑙𝑒𝑐 is the electrical capacitance of a capacitor. The impedance of capacitance
components in an acoustic network is likewise
𝑍𝐶,𝑎𝑐𝑜𝑢 = 1⁄𝑗𝜔𝐶

𝑎𝑐𝑜𝑢

14

(9)

where 𝐶𝑎𝑐𝑜𝑢 is the acoustic compliance of the component.
A proper pressure-to-mass-flow relationship is crucial for a PTC. As indicated by
Equation (2), pressure-to-mass-flow phase relationship is determined by the acoustic
impedance of the network. In PTCs, the pressure-to-mass-flow phase relationship is usually
adjusted by adjusting the inertance and compliance. The resistance is usually minimized
because it can result to excessive loss. In the real world, every acoustic component is nonideal and has all three impedance components at the same time. But they are usually
designed to mainly provide either compliance or inertance. Pulse tube, compliance tank,
orifice, and inertance tube are the most common components that are used to construct an
impedance network. Pulse tube is simply a hollow empty tube, and the compliance tank is
an empty vessel, which are designed to primarily provide compliance. Inertance tube,
furthermore, is a narrow long tube that acts as an impedance. Orifice and inertance tube are
used to primarily provide inertance, however they introduce considerable resistance as
well.

2.3.

Historical Development of Pulse Tube Cryocoolers
Ideally, the pressure-to-mass-flow phase relationship in PTCs should be similar to

Stirling cryocoolers. This is achieved by adjusting the acoustic impedance of the
impedance network, especially the components representing inertance and compliance.
Usually we want to minimize the resistance component because it can result in loss of
efficiency. Different methods have been developed to construct the desired acoustic
impedance network and offer more and more freedom in the adjustable range of
impedance.
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a)

b)

c)

d)

Figure 3. Schematics of PTCs. (a)Basic pulse tube cryocooler. (b) Orifice pulse tube
cryocooler. (c) Double inlet pulse tube cryocooler. (d) Inertance tube pulse tube
cryocooler.
Basic pulse tube cryocoolers (BPTCs) were first introduced by Gifford and
Longsworth [4]. BPTC is a simple design but is also very limited in terms of modifying
the acoustic impedance. Figure 3(a) shows the schematic of a BPTC. In a BPTC, a pulse
tube in the form of a hollow empty cylindrical tube, is used to replace the cold piston in a
Stirling cryocooler. Ideally, the gas inside the pulse tube is moving like a “virtual piston”,
at a uniform velocity. Because the gas is compressible, the motion of the gas lags the
change of pressure because the acoustic impedance of a pulse tubes is mostly compliance
16

which can result in the phase lagging of mass flow to pressure. Because there is no acoustic
component other than the pulse tubes in BPTCs, the modification of impedance is limited
to the compliance component. As a result, the mass-flow-to-pressure phase relationship
cannot be optimized, and the performance and efficiency of BPTCs are not comparable
with modern designs. A cold-end temperature of 124 K was achieved by BPTC [4].
In order to improve the performance and efficiency of pulse tube cryocoolers, more
acoustic components need to be incorporated in the impedance network. An improvement,
orifice PTC (OPTC), was first introduced by Mikulin et al. [5] in 1984 and then modified
by Radebaugh [6] in 1986. Figure 3(b) shows the schematic of OPTCs. In the improved
design, an orifice and a compliance tank are connected to the pulse tube. The orifice is an
acoustic component that provides inertance and a considerable amount of resistance. The
total inertance can be controlled by modifying the orifice. The compliance tank is a large
empty tank. It provides extra compliance at the end of the impedance network which can
increase the total mass flow rate through the system and therefore increase cooling power.
The combination of pulse tube, orifice, and compliance tank provides better control over
the total acoustic impedance. More favorable pressure-to-mass-flow phase relationships
can be achieved by OPTCs. The lowest cold-end temperature is, therefore, improved to 60
K in OPTCs.
In 1990, Zhu et al. [7] introduced a bypass line and a secondary orifice into the
design of PTCs. As shown in Figure 3(c), the bypass line connects the warn end of pulse
tube and the warm end of the regenerator. The new design added a parallel acoustic path
and thus provided extra control over the phase relationship between mass flow and
pressure. A cold-end temperature of 42 K was reached with the new design.
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A major problem associated with application of orifices is that the process in the
orifice is highly irreversible and is accompanied with significant exergy destruction. The
use of orifices can thus result in excessive losses. Inertance tubes were introduced as
replacements for orifices in 1997 [8, 9]. The schematic of an inertance tube PTC (ITPTC)
is shown in Figure 3(d). An inertance tube is a long and narrow tube which can provide
acoustic impedance as an orifice could, but with significantly smaller resistance and loss.
However, in order to provide sufficient phase difference between pressure and mass flow,
the inertance tubes can be meters long and are therefore not as compact as an orifice. With
this improvement, Stirling-type inertance tube PTCs driven by valve-less linear
compressors (wave generators) began to have matching or even better efficiencies than
Stirling cryocoolers.

2.4.

Streaming Losses in Pulse Tube Cryocoolers
Even though the use of pulse tubes brings simplicity and robustness to cryocoolers,

pulse tubes often suffer from relatively low efficiency. Losses in the pulse tube, among
them the “streaming” losses, are major contributors to the low efficiencies. Pulse tubes are
normally hollow tubes with considerable empty spaces inside. One end of the pulse is
connected to the cold end of the cryocooler, and the other end is connected to the warm
end of cryocooler. Streaming effects in the pulse tube can result in convective short circuit
between the cold and warm ends and significant performance losses. In this section,
streaming losses that has been identified and studied by previous researchers, including
Rayleigh Streaming, DC Streaming (Gedeon streaming), Jet-driven streaming, natural
convective loss and other convective losses, are discussed.
2.4.1.

DC Streaming
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DC streaming, also referred to as Gedeon streaming, was discovered by Gedeon in
1997 [10]. The flow in PTCs is oscillating. Ideally the cycle average mass flow of the
oscillating flow is nearly net zero. This is usually the case in the PTC that has only one
flow pass. However, in the PTC that has toroidal topology, such as the bypass double-inlet
PTC shown in Figure 4, non-zero cycle-average mass flow can exist. The flow resistance
can be dependent on flow direction because of geometric features such as the sudden
change of flow area, orifice and curvature. This is not a problem when there is only one
flow path in which case there is no other path that the fluid can go. However, when there
are multiple paths, a circulation may form, and non-zero cycle-averaged mass flow can
occur as a result. As an example, the double-inlet PTC shown in Figure 4 has two flow
paths. The first flow path, path A, is the path through the regenerator, flow straightener,
and pulse tube. The second flow path, path B, is the bypass line through the orifice. In the
first half cycle, when the flow is from left to the right in Figure 4, the average mass flow
rate through path A is 〈𝑚̇𝐴 〉+ . The average mass flow rate through path B is 〈𝑚̇𝐵 〉+ . The
total mass flow pumped by the compressor is 〈𝑚̇𝑡𝑜𝑡 〉+ = 〈𝑚̇𝐴 〉+ + 〈𝑚̇𝐵 〉+ . In the second
half of the cycle, when the flow is from right to left, the mass flow rate through paths A
and B, 〈𝑚̇𝐴 〉− and 〈𝑚̇𝐵 〉− , can be different because flow resistance can be different as the
flow direction changes. The total mass flow pumped by the compressor is 〈𝑚̇𝑡𝑜𝑡 〉− =
〈𝑚̇𝐴 〉− + 〈𝑚̇𝐵 〉− . Because the mass is conserved in the compressor, the cycle averaged total
mass flow rate 〈𝑚̇𝑡𝑜𝑡 〉+ + 〈𝑚̇𝑡𝑜𝑡 〉− = 0 Therefore, 〈𝑚̇𝐴 〉+ − 〈𝑚̇𝐴 〉− + 〈𝑚̇𝐵 〉+ − 〈𝑚̇𝐵 〉− =
0. Assuming 〈𝑚̇𝐴 〉+ > 〈𝑚̇𝐴 〉− , then 〈𝑚̇𝐵 〉+ < 〈𝑚̇𝐵 〉− . DC streaming is a net time-averaged
mass flow that may exist in any closed loop or toroidal topology in a PTC, such as the loop
consisting the secondary bypass line, pulse tube and regenerator in a PTC.
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Figure 4. Gedeon streaming (DC streaming) in bypass double-inlet PTCs
DC streaming or Gedeon streaming is caused by the asymmetry when fluid flows
back and forth. Some investigations have shown that asymmetry in hydrodynamic end
effects, such as tapered transitions between small and large tubes [11-13] or jet pumped
[14], can offset or minimize DC streaming. Besides hydrodynamic end effects, recent
researches [15-17] suggest a different method, the use of an elastic membrane, that breaks
the toroidal tropology. The special elastic membrane is normally installed in the bypass
line. The membrane is soft and flexible so that acoustic power and the oscillation of gas
can pass through. But DC streaming which represents a finite time-averaged mass flow
will be blocked completely.

2.4.2.

Rayleigh Streaming
The pulse tube was first introduced as a replacement for the cold-end piston in

Stirling cryocoolers. Ideally, the gas in the pulse tube moves at a uniform velocity as a
virtual piston. Unfortunately, convection can occur in pulse tubes and bring enthalpy flow
from the warm-end to the cold-end [18].
Unlike DC streaming which exists in a closed physical loop, Rayleigh streaming
[18-20] is a time-averaged toroidal circulation within a pulse tube. Boundary-layer effects
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Figure 5. Rayleigh streaming in pulse tubes.
are the causes of Rayleigh streaming. In a pulse tube, the working fluid near the wall or
within the boundary layer lags the flow in the central core region because of viscous effects.
A parcel of gas in the boundary layer that is close to the wall moves back and forth along
the wall. The temperature difference between the gas parcel and wall will change and be
different when the parcel is moving backward and forward, because of the temperature
oscillation caused by pressure oscillation and heat transfer between gas and wall. For real
gases, the viscosity is a function of temperature and, thus, oscillates in this case. Therefore,
the parcel will experience difference in drag, and its displacements will be different when
it is moving back and forth. The parcel will drift away from its original position after a full
cycle. A net time-averaged forced convective circulation is then generated. Figure 5 shows
the schematic of Rayleigh streaming.
Olson and Swift [20] have shown that Rayleigh Streaming can be minimized using
a carefully designed tapered pulse tube. Imagine a parcel of gas is moving in a tapered
pulse tube, as shown in Figure 6. Due to the compressibility of the gas, the parcel will be
closer to the wall while it is moving downward. If designed carefully, this radial-shafting
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Figure 6. The motion of a gas parcel in tapered pules tubes. (Borrowed from ref. [1])
effect can offset the difference of the viscous force the parcel experiences while moving
upward and downward.
2.4.3.

Jet-Driven Streaming
Jet-driven streaming is caused by the jet flow at the conjunction between

components where a large flow area change occurs. As illustrated in Figure 7, a timeaveraged steady convection can occur because of the jet flow created by the conjunction
between the inertance tube and the pulse tube. The two schematics in the left-hand side of
Figure 7 show the jet flow when the gas is flowing from the inertance tube to the pulse tube
or vice versa. The combined movement of the jet flows is roughly a combination of an
ideal oscillation flow and a steady convective circulation, as shown in the right-hand side
of Figure 7. Similar to Rayleigh streaming, a jet-driven stream can bring enthalpy from the
warm-end of the pulse tube to the cold-end and thus causes cooling deterioration.
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Figure 7. Jet-driving streaming in pulse tubes. (Borrowed from ref. [1])
Flow straighteners are typically used to minimize jet-driven streaming. They are
made of the materials such as stack screens which have nonlinear resistance that increases
when the Reynolds number of flow increases. Swift suggested that the resistance of the
flow straightener can be determined by making the peak pressure drop through the flow
straightener one fifth of the Bernoulli pressure of the jet flow [1]. It should be noted,
however, that flow straighteners are themselves sources of the efficiency loss in PTCs since
they dissipate acoustic power.

2.4.4.

Surface Heat Pumping and Shuttle Heat Transfer
Surface heat pumping are shuttle heat transfer are mechanisms caused by the local

heat transfer between gas and pulse tube wall which can lead to cycle-averaged net enthalpy
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flow between warm and cold ends. The direction of the net enthalpy flow depends on the
condition of the PTC.

Figure 8. Surface heat pumping that causes net enthalpy flow from cold end to warm
end.

Figure 9. Shuttle heat transfer that causes net enthalpy flow from warm end to cold
end.
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Figure 8 shows surface heat pumping which brings thermal energy from the cold
end to the warm end. x-axis indicates the location and y-axis is the temperature. The dash
line and solid line present the temperatures of gas and pulse tube wall, respectively. The
the black arrows in the colored regions indicates the amount and direction of heat that can
be transferred between gas and pulse tube wall. The gas is being compressed while it is
moving from the cold end to the warm end. As a result, the temperature of the gas parcel
near pulse tube wall rises. If the temperature gradient in the pulse tube shell is not too steep,
the warmer local gas will transfer heat to the colder adjacent wall. Similarly, the gas
expanses when moving back from the warm end to the cold end and absorbs thermal energy
from the warmer adjacent wall. Therefore, this mechanism practically pumps heat from the
cold end to the warm end.
In modern PTCs, the temperature gradient in pulse tube shell is usually so steep
that the heat pumping effect is practically reversed. Figure 9 shows this reverted
mechanism, namely shuttle heat transfer. The heat transfer between the gas and the pulse
tube wall is reverted. Hence, thermal energy is shuttled from the warm end to the cold end
which causes cooling deterioration.

2.4.5.

Natural Convection
The convective loss due to buoyancy force, or natural convection, is probably the

most complicated loss mechanism and is one of the major topics in this research.
Pulse tube cryocoolers usually need to be installed with the cold end pointing down,
aligning along the direction of the gravity vector. Natural convection or gravitational
convection can occur when this requirement is not met. The working fluid in a pulse tube
25

usually has large temperature gradients since the pulse tube connects the cold end and the
warm end. When positioned inclined or with the warm end pointing downward, the
buoyancy force can be significant and may cause notable convection and streaming
between the warm and cold ends of a pulse tube. The convection brings enthalpy flow from
the warm end to the cold end and causes partial or complete loss of cooling. This
mechanism was first reported by Thummes et al. [21] and Fujimoto et al. [22] in GM type
pulse tube cryocoolers working with low frequency (~2Hz). For high-frequency pulse tube
cryocoolers, such as Stirling-type pulse tube cryocoolers, the phenomenon can be less
severe or even absent. Wang and Gifford [23] observed no natural convective loss in their
high-frequency pulse tube cryocooler. Ross and Johnson [24], and Yang and Thummes [25]
reported that some high-frequency Stirling-type pulse tube cryocoolers can present lower
dependency on gravity orientation when the frequency increases. Serval methods that can
reduce the natural convective effect have been introduced by researchers, such as filling
porous material in the pulse tube [21] and installing several circular copper screens in the
pulse tube [26]. These methods, however, have led to higher pressure drops and
hydrodynamic losses.
A semi-analytical model developed by Swift and Backhaus [27, 28] has provided a
method to minimize the natural convective losses without adding filling materials in the
pulse tubes. In their model, the convective instabilities due to gravity are analogized to the
instability in an inverted pendulum, as shown in Figure 10.
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Figure 10. Reproduced from Ref [25] defining the inverted pendulum problem. (a)
and (b) show the basic inverted pendulum at two points in a cycle, (c) shows the
ring model that is later correlated to the rotating buoyant forces due to density
gradients. (d) shows the convective instability of the flow in pulse tubes.
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A pendulum is a mass connected to a pivot using a massless rigid rod which can
swing freely. When it is displaced away from its equilibrium position which is the lowest
position while in gravitational field, the pendulum will move back to the equilibrium
position and oscillate around it. However, when the pivot is vibrating rather than fixed, the
pendulum may not necessarily move back to the lowest position. Figure 10(a) shows an
ideal pendulum that has a mass 𝑚 and a rod with length 𝐿. The pivot is vibrating at
𝑎 cos 𝜔𝑡 along the direction which is 𝜃 degree off the vertical downward position. The
quantity 𝑎 is the amplitude and 𝜔 is the angular velocity. The angular displacement of the
rod to the vertical downward position is 𝜙. The position of the mass can be expressed as
𝑥 = 𝑎 sin 𝜃 cos 𝜔𝑡 + 𝐿 sin 𝜙

(10)

𝑦 = −𝑎 cos 𝜃 cos 𝜔𝑡 − 𝐿 cos 𝜙

(11)

The force that the mass experiences can be calculated by
𝐹𝑥 = 𝑚𝑥̈

(12)

𝐹𝑦 = 𝑚𝑦̈ + 𝑚𝑔

(13)

where 𝐹𝑥 and 𝐹𝑦 are the x-component and y-component forces, respectively, and 𝑥̈ and 𝑦̈
are the accelerations of the mass in x-direction and y-direction, respectively. As a massless
rigid body, the torque on the rod about the pivot must be zero because it has zero moment
of inertia:
𝐹𝑥 𝐿 cos 𝜙 + 𝐹𝑦 𝐿 sin 𝜙 = 0

(14)

Combining Equation (10), (11), (12), (13) and (14) yields the angular acceleration of the
pendulum about the pivot 𝜙̈
𝜙̈ = −(𝑔/𝐿) sin 𝜙 + 𝜔2 (𝑎/𝐿) sin(𝜃 − 𝜙) cos 𝜔𝑡
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(15)

The first term on the right-hand side is the effect of the torque applied by gravity which
tends to decrease 𝜙 and move the pendulum back to the lowest position. The second term
on the right-hand side represents the effect of the torque caused by the vibration of the
pivot. The torque is minimized when 𝜃 = 𝜙, the effect which tends to align the pendulum
along the direction of the pivot vibration. The effect is proportional to the square of the
angular velocity, 𝜔2 , and the amplitude, 𝑎, of the pivot vibration. The movement of the
pendulum is the result of the combined effect of both torques. When the vibration is strong,
the pendulum can align along the direction of vibration. Otherwise, gravity dominates the
movement of pendulum.
Quantitative analysis of this problem is a classical mechanics problem which has
been done in many textbooks [29, 30]. For an arbitrary angle 𝜃, a dimensionless number
that can be used to determine the motion of pendulum can be expressed as
𝑁𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 =

𝜔2 𝑎2
𝑔𝐿

(16)

For 𝑁𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 < 1, the pendulum cannot remain inverted. For 1 < 𝑁𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 < 4, the
pendulum can remain inverted if 𝜃 ≈ 180°. When 𝑁𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 > 4, the pendulum will
align along 𝜃 no matter what the value of 𝜃 is.
Similar analysis can be done for a ring-shape pendulum that is shown in Figure
10(c). The ring has a radius of 𝐿. Its pivot is located at the center of the ring. A mass 𝑚 is
uniformly distributed in the ring except for a pair of out-of-balance parts which have a
positive mass of + ∆𝑚⁄2 and a negative mass of − ∆𝑚⁄2. The positive mass is located at
𝜙. The negative mass is located at the opposite end of the ring, 𝜙 − 180°. Similarly, the
angular movement of the ring-shape pendulum can be derived as
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𝑚𝐿2 𝜙̈ = −∆𝑚𝑔𝐿 sin 𝜙 + 𝜔2 ∆𝑚𝑎𝐿 sin(𝜃 − 𝜙) cos 𝜔𝑡

(17)

Similarly, a dimensionless number that can be used to determine the characteristic
of the motion can also be derived
𝑁𝑝𝑒𝑛𝑑𝑢𝑙𝑢𝑚 ,𝑟𝑖𝑛𝑔−𝑠ℎ𝑎𝑝𝑒 =

𝜔2 𝑎2 ∆𝑚
𝑔𝐿 𝑚

(18)

Figure 10(d) is a pulse tube that is positioned with the warm end pointing down.
The cold dense gas is located at the upper part, and the warm less-dense gas is located at
the lower part. The mass distribution is analogous to the ring-shaped pendulum. Gravity
tends to pull down the cold gas and push up the warm gas. The center of mass of the gas in
the pulse tube is off the center line. Thus, the oscillation can impose a time-averaged torque
which is opposite to the torque imposed by gravity. This system is analogous to the ringshape pendulum in Figure 10(c). The natural convection can be suppressed if the analogy
is valid. Similar to a pendulum, Swift and Backhaus derived a dimensionless number, the
pulse tube convection number, 𝑁𝑝𝑡𝑐 , to indicate how likely the oscillation will suppress the
natural convection.
𝛽

𝑁𝑝𝑡𝑐

𝜔2 𝑎2
𝛥𝑇
=
(
)
𝑔(𝛼𝐷 𝑠𝑖𝑛 𝜃 − 𝐿 𝑐𝑜𝑠 𝜃) 𝑇𝑎𝑣𝑔

(19)

where 𝜔 and a are the angular velocity and the displacement of oscillation, respectively, at
the cold end of the pulse tube, g is the gravitational acceleration, D is the diameter of the
tube, L is the length of the tube, 𝜃 is the angle of inclination with respect to the vertical
(cold end down) orientation, ∆T is the temperature difference between the warm and cold
ends, 𝑇𝑎𝑣𝑔 is the average temperature of the fluid, and α and β are empirical constants.
Swift and Backhaus’s experiments indicated 𝛼 = 1.5 and 𝛽 = 0.5 while theory suggests
𝛽 = 1. The equation is only valid for pulse tubes with the warm end down, with 90° <
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𝜃 < 180°. Swift and Backhaus did a series of experiment to validate the theory. Their
experiments are limited to the pulse tubes with small aspect ratio 𝐷/𝐿 in which the analogy
to ring-shape pendulum makes more sense. According to their experimental results, the
convective instability is likely to be suppressed by the oscillation when 𝑁𝑝𝑡𝑐 > 2 .
However, Berryhill and Spoor [31] did experiments later and found that their results
generally agree with the above theory while indicating the safe 𝑁𝑝𝑡𝑐 is 20 ~ 30.
2.4.6.

Other Convective Losses
Besides the aforementioned losses, other connective losses also exist, such as the

quasi-DC flow in pulse tubes caused by flow straighteners [32], as well as the losses
studied in this thesis, namely, convective losses caused by periodic motions and minor
geometric imperfections.

2.5.

Regenerator Characteristics
The regenerator is arguably the most important component in any regenerative

cryocooler. The design of a PTC system usually starts with designing the regenerator. The
primary functionality of a regenerator is to absorb and release thermal energy when the
working fluid travels back and forth through it. Thus, a high heat capacity and a high
thermal efficiency, which is usually larger than 95%, is required for a regenerator. Plainwave screens, as shown in Figure 11(a), are the most common material used to make the
regenerators of PTCs, because the behavior of plain-wave screens shows good consistency
with the calculation based on the friction factor and heat transfer data presented by Kays
and London [33]. Other types of materials, such as sintered metal [34], metal wool [35],
and plastic screens [36], shown in Figure 11(b), (c) and (d), respectively, have also been
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used by researchers. These materials are usually cheaper, but due to the lack of
corresponding empirical friction and heat transfer data, their performances are not
predictable as accurately as plain-wave screens at the design phase.
Low-temperature (usually below 20 K) regenerators require special treatment. Most
metals exhibit very significant drop of specific heat capacity when their temperature is

(a) Plain-weave screens

(b) Sintered metals

(c) Metal wools

(d) Packed spheres

Figure 11. Materials used in regenerators. (a) Plain-weave screens. (b) Sintered
metals. (c) Metal wools. (d) Packed spheres.
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below 20 K. Rare-earth materials and lead have relatively higher heat capacity at low
temperatures and are therefore commonly used to fabricate low-temperature regenerators.
However, rare-earth materials and lead are too fragile or too brittle to be made into fine
screens. In this case, packed powder or spheres are usually used instead.
Besides being crucial components, regenerators are also where the major losses
usually occur in PTCs. One obvious loss is caused by imperfect heat transfer. Real
regenerators are irreversible because of the limited heat transfer rate and heat capacity.
Small hydraulic diameters and enough heat transfer area are required to reduce the loss due
to imperfect heat transfer. However, increasing heat transfer rate usually will inevitably
result in extra viscous loss. Due to the fine and complicated porous structure in regenerators,
viscous dissipation can be significant when the acoustic waves travel through regenerators.
When designing a regenerator, the losses due to imperfect heat transfer and viscous
dissipation must be considered simultaneously. Another consideration when choosing the
material of a regenerator is the axial conduction from the warm end to the cold end because
of strong temperature gradient. Porous materials are usually manufactured in the way that
minimizes unnecessary contact between the solid porous structures in order to minimize
axial conduction.
Designing a regenerator is complicated since these features cannot be perfectly
satisfied simultaneously. To increase heat capacity, one needs to either increase porosity
or the size of the regenerator. But these changes usually lead to either higher hydrodynamic
loss or more axial conductive loss. What is more, heat transfer is coupled with
hydrodynamic loss. Better heat transfer almost always means more hydrodynamic loss as
well.
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2.6.

Methods Used by Published Researches
This dissertation focuses on understanding the fundamentals aspects of the thermo-

fluid aspects of the oscillating flow in the pulse tubes and regenerators in PTCs. In this
section, the methods used in previously published literatures are reviewed.
2.6.1.

Methods of Investigating the Flow in Pulse Tubes
Both experimental and computational methods have been used by researchers to

study the convective flow in pulse tubes.
Experimental visualization of the flow field in pulse tubes at cryogenic
temperatures can be extremely difficult. The most common method that is used to visualize
flow field is particle image velocimetry (PIV). PIV uses laser light panel to illuminate the
released particles which can be recorded using cinematography. The enclosure of the flow
field must be visually transparent and is usually made of glass, which can be a problem for
PTCs, because good sealing is required for highly pressurized systems as PTCs. It can be
difficult to achieve a proper sealing between glass and other materials used in PTCs at
cryogenic temperatures because of the notable difference in thermal expansion coefficients.
Besides transparent enclosures, visualizable particles must be released into the flow field.
The working fluid in PTCs is high purity helium, however, and the added particles may
contaminate the system or create blockage in porous medium and thus harm the
performance of PTCs.
Because of the difficulties cited, only a few visualization investigations have been
done, and the few reported studies were performed at room temperature. Shiraishi et al.
[37-40] investigated multiple convective losses, e.g. DC streaming, Rayleigh streaming
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and natural convection, in low frequency and low pressure pulse tubes using smoke wire
technology. The cold end temperature range was well above cryogenic temperatures. Their
results show asymmetric velocity profile while the pulse tube is not positioned vertically.
Matsumoto et al. [41] used particle image velocimetry (PIV) method to visualize and
compare the flow in in-line and u-shape pulse tube cryocoolers. The experiment was
performed based on steady flow using room temperature air as the working fluid.
Other experimental studies were focused on empirical cooling performance or
losses rather than resolving detailed flow field. The natural convective instability for PTCs
was first reported by Thummes et al. [21] and Fujimoto et al. [22] in GM type pulse tube
cryocoolers working at low frequency (~2Hz). In 2002, Wang and Gifford [42] observed
convective instability in the two stage GM-type pulse tube cryocooler developed in
Cryomech. The second-stage no-load temperature of the cryocooler could not be
maintained at the angles of orientation more than 50⁰ from vertical position. In 2004, Ross
and Johnson [24] reported results from parametric studies based on high-frequency (40 Hz)
inline and U-shape Stirling-type pulse tube cryocoolers. In their research, the convective
load was correlated to the orientation angle with respect to gravity and driving power.
Convective instability was observed when the orientation angle was larger than 60⁰, with
110⁰ to 130⁰, rather than 180⁰, being the worst orientations when the strongest convections
were observed. The convective loads at 180⁰ were less than 50% of the convective loads at
110⁰ to 130⁰. In 2005, Trollier et al. [43] included cold-end temperature and heat rejection
temperature in their parametric study regarding the convective instability in a miniature
pulse tube cryocooler. In 2007, Hou et al. [44] reported a parametric study of the
convective instability in a Stirling-type coaxial pulse tube cryocooler. In addition to the
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angle of orientation, the no-load cold-end temperature was also correlated to charging
pressure and driving frequency.
In 2009, Swift and Backhaus [27, 28] proposed a theory based on analogy with a
vibrating pendulum that describes the possibility of the occurrence of significant
convective instability in pulse tubes. A brief outline of this theory has already been
presented in 2.4.5. A dimensionless characteristic number, pulse tube convection
number 𝑁𝑝𝑡𝑐 , as described in Equation (19), was proposed. The theory was tested and
calibrated using their experiments which was based on a room-temperature componentlevel small-aspect-ratio pulse tube. Their research indicates that the convective instability
is minimized when 𝑁𝑝𝑡𝑐 > 2. In 2012, Berryhill and Spoor [31] presented results from a
number of different sized PTCs, and compared the results with Swift and Backhaus’
analogy theory. The results generally agreed with the analogous theory but suggested a
much larger safety number of 𝑁𝑝𝑡𝑐 .
Computational methods, including one-dimensional and multi-dimensional
simulations, are becoming increasingly popular in the researches of PTCs in the past
decades.
SAGE [45], developed by Gedeon Associates, is probably the most popular 1D
simulation tool for PTCs. It has been widely used by researchers for the study and
optimization of PTCs. DC streaming was discovered by Gedeon [10] in simulation models
of double-inlet PTCs using SAGE. As a 1D simulation code, SAGE is not computational
expensive. A series of simulations can be finished in a short period of time, often in a few
hours or days. However, as a semi-empirical method, SAGE does not solve all the
fundamental physic directly, and the predictions of SAGE depend greatly on the accuracy
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of the underlying correlations. Moreover, 1D methods like SAGE do not have the ability
to predict multi-dimensional features, such as Rayleigh streaming, jet-driven streaming and
natural convective streaming. In the case when multi-dimensional features are of interest,
computational fluid dynamics (CFD) methods are used. In 2004, Flake and Razani [46]
reported 2D axisymmetric system-level CFD models for pulse tubes. Cha [47, 48], in 2006,
modeled an entire PTC system using a 2D axisymmetric CFD model and showed the
occurrence of multi-dimensional flow features, such as jet-driven streaming, that cannot be
captured by 1D models. In 2007, Zhang et al. [49] observed multi-dimensional swirling
flow patterns in the pulse tube using a 2D axisymmetric CFD simulation of a GM-type
orifice PTC. In the same year, Liang and de Waele [32] discovered a quasi-DC flow in
pulse tubes caused by flow straighteners using 3D CFD models. Later, Conrad [50, 51]
used axisymmetric 2D CFD models in the design of miniature and micro-scale PTCs.
Taylor [52, 53] used component-level 2D CFD models to optimize the transitions between
pulse tube and its adjacent components. Mulcahey [54-56] developed 3D system-level and
component-level CFD models to investigate the natural convective instabilities in PTCs.
Mulcahey’s component-level model includes a pulse tube and the two adjacent heat
exchangers. Boundary conditions are determined using system-level models. Mulcahey
demonstrated that the component-level CFD model can be used to model the convective
instability in pulse tubes without the need for immense computational resource as systemlevel CFD simulations need. In 2015, Dai, Chen and Yang [57] also reported the details of
the oscillation flow in pulse tubes using a component-level CFD model that includes a
pulse tube and the adjacent heat exchangers.
2.6.2.

Methods of Investigating the Losses in Regenerators
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A regenerator is made of porous materials. The designing of a regenerator requires
good understanding of the fluid dynamics and heat transfer in porous media. A good review
regarding the flow and heat transfer in porous media can be found in Kaviany [58]. The
designing of regenerators takes a considerable amount of iterations and is usually
accomplished by modeling. Volume averaging method [59-63] is the most common
approach taken by researchers when modeling porous media. Microscopic governing
equations are converted to macroscopic equations in volume averaging methods. REGEN
[64] is a popular 1D code that utilize transport equations resulting from averaging methods
to model regenerator. It is an open-source code developed by the National Institute of
Standards and Technology (NIST). The heat transfer and fluid flow can be solved within a
variety of matrix materials, including parallel plates, stacked screens, and packed spheres,
using build-in empirical or semi-empirical correlations. In order to accurately model
regenerators, parameters such as Darcy permeability, Forchheimer inertial coefficient, and
heat transfer coefficient and correlations are needed.
There are currently two approaches to determine the parameters and derive
correlations for transport processes in porous media: computational and experimental
approaches. The computational approach is based on modeling microscopic pore-level
structures using CFD. Kim [65] and Nakayama [66, 67] modeled a porous medium
consisting of square rods. Fumoto [68] and Palle and Aliabadi [69] modeled packed
spheres. Pathak [70, 71] and Kuwahara [72] used CFD to determine heat transfer and
thermal dispersion in idealized porous media. However, CFD models are based on
idealized and well-aligned geometries which hardly exist in a real porous medium.
Experimental approach is evidently preferred. Harvey [73] performed experiments and
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observed that oscillating flow produces higher friction than steady flow in porous mediums.
Cha measured flow closure parameters in radial and axial directions for a variety of porous
media and developed a CFD-assisted experimental method [48] for the determination of
standard porous media parameters (Darcy permeability and Forchheimer coefficient). This
CFD-assisted experimental method was later on pursued in several other research
investigations [74-76].
In previous studies, the efficiency of regenerators has been characterized mostly
based on the first law of thermodynamics, and second-law analyses have been based on
exergy considerations or irreversibility associated with macroscopic flow models only.
Finding the optimum design is usually not straightforward. The second law analysis
addressing entropy generation has recently been used by researchers to minimize exergy
destruction and optimize various thermal-fluid systems. Bejan [77, 78] has comprehensive
discussions regarding the application of entropy generation minimization in optimizing
thermal-fluid systems. This technique can be a convenient method to analyze the losses in
regenerators. However, this technique has attracted the attention of cryocooler community
only recently. Zhao and Dang [79] modeled a 120 Hz miniature coaxial Stirling-type PTC
using a 2D axisymmetric CFD model and analyzed the entropy generation due to gas
conduction, solid conduction, interfacial heat transfer, and viscous loss in the regenerator.
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CHAPTER 3:

INVESTIGATION OF NATURAL CONVECTIVE
LOSS IN PULSE TUBES

3.1.

Summary
This chapter is focused on the natural convective instability of the oscillating flow

in pulse tubes and consists of the studies in three sections, component-level CFD
simulations, experimental measurements, and system-level coupled 1D-CFD simulations.
The goal of this chapter is to evaluate Swift and Backhaus’s theory [27, 28] using an
extensive data set based on a variety of different geometries and working conditions. The
data set will include the results generated in this investigation as well as the results gathered
from external resource.
The component-level CFD simulation is a follow-up and complementary research
to Mulcahey’s component-level research in his thesis [56]. The computational domain
includes a pulse tube and the two adjacent heat exchangers. The computational setup is the
same as those in reference [56], but more working conditions were modeled. Parameter
ranges covered in the component-level simulations are 0-180°for tilt angle, 4-8 for length
to diameter ratios, 4 K - 80 K cold tip temperatures, -30°to +30°for mass flow to pressure
phase angles, and 25 Hz to 60 Hz operating frequencies. The preliminary result from the
component-level CFD simulation and gathered experimental data showed a notable
discrepancy between CFD model and experiment. Follow-up experiments and coupled 1DCFD models were designed to further investigate the cause of the discrepancy as part of
this dissertation, which will be discussed in the next chapter. In this chapter, the data
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generated from the aforementioned experiments and the coupled 1D-CFD models are also
used to evaluate the analogy-based theory of Swift and Backhaus.
The experiments utilized a commercial cryocooler prototype. The cooling
performance of the cryocooler was measured when it was positioned at inclined angles
from 0⁰ to 180⁰, driven by varying power from 400 W to 600 W, and with the cold-end
temperature maintained at 77 K and 100 K. The experimental results serve as data points
to evaluate the analogy-based theory and validate the aforementioned coupled 1D-CFD
model.
The system-level coupled 1D-CFD model is based on the same PTC prototype that
was tested in the experiments. The coupled model is designed to model the entire system
and to resolve multi-dimensional flow features in critical components, such as the pulse
tube, while preserving low computational cost comparable to component-level CFD
simulations. 1D-like components, e.g. inertance tube and compliance tank, are modeled
using a 1D code, while components that may contain important multi-dimensional features
are modeled using CFD. 1D and CFD modules are coupled through a boundary condition.
Apart from providing data points to evaluate the theory, the coupled 1D-CFD model is also
a tool to investigate the cause of the discrepancy between CFD models and experiments.
The computational studies, including component-level simulations and systemlevel simulations, can provide insight about the details of the flow field and the cooling
losses caused by natural convection. The flow details were analyzed to provide a better
understanding of the convective instability in pulse tubes. The experimental results along
with the computational data produced in this study are summarized in this chapter. These
data, as well as the experimental data from other external sources are utilized to generate a
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clearer picture of the relationship between cooling performance and pulse tube convection
number, presented earlier in Equation (19).

3.2.

Component-Level CFD Simulation
The simulations discussed in this part is a complementary study to the component-

level CFD simulations in Mulcahey’s thesis [56].
3.2.1.

Pulse Tube Thermodynamics
The simulation of pulse tubes requires a clear understanding of the energy flows,

real and theoretical, specific to that component. The relevant energy flows and their
directions are noted in Figure 12, consistent with a cycle-averaged condition denoted by
angled brackets, e.g. 〈𝑋〉. In Figure 12, boundary planes one ① and two ② represent the
cold and warm ends, respectively.
Thermodynamically, the pulse tube converts the Gibbs free energy to an enthalpy
flow, which travels from the cold end to the warm end, where heat rejection occurs. The
Gibbs energy is often referred as the acoustic 〈𝑃𝑉̇ 〉 power and is expressed as,

Figure 12. Illustration showing the relevant energy flows for a pulse tube. PV power is
included in the energy flow diagram with dashed arrows for reference. The
temperature gradient is cold to hot from left to right, i.e. from ① to ②.
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1
〈𝑃𝑉̇ 〉 = 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑉̇𝑑𝑦𝑛𝑎𝑚𝑖𝑐 cos(𝜃𝑚−𝑝 )
2

(20)

where 𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is the dynamic pressure amplitude, 𝑉̇𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is the volume flow
amplitude, and 𝜃𝑚−𝑝 is the phase angle difference between mass flow and pressure. In an
ideal pulse tube, the conversion is perfect, and the enthalpy flow is equal to the Gibbs
energy rate. Using this idea, coupled with the remaining terms in Figure 12, the total net
energy flow in the pulse tube at a cyclic condition is,
〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 〉 = 〈𝐻̇ 〉 − 〈𝑄̇𝑔𝑎𝑠 〉 − 〈𝑄̇𝑤𝑎𝑙𝑙 〉

(21)

where 〈𝐻̇ 〉 is the cycle-averaged pulse tube enthalpy flow, 〈𝑄̇𝑔 〉 represents the conduction
in the working fluid, and 〈𝑄̇𝑤 〉 depicts the conduction in the solid wall of the pulse tube. In
practice, the acoustic power to enthalpy conversion is not perfect due to numerous complex
loss mechanisms that include Rayleigh Streaming [19], Gedeon Streaming [10], shuttle
heat transport [52], turbulent mixing and jetting, and gravitationally induced instability.
All these mechanisms reduce the available enthalpy flow in the pulse tube and subsequently
the cooling power. Minimizing these losses has been the subject of numerous experimental
and numerical studies over the years. The physical mechanisms of the aforementioned
losses are generally well-understood with the exception of gravitationally induced
instability.
The gravitationally induced stability loss in pulse tube coolers is the largest
drawback to adoption for many applications. This is due to severe cooling power
degradation when operated in a configuration where the temperature gradient (cold below
warm) is not aligned with the gravitational field. As the cooler deviates from the ideal
gradient orientation with respect to gravity, the flow becomes unstable and buoyancydriven secondary flow develops. Gravitational loss has been observed to be highly sensitive
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to geometry, mass flow amplitude, and driving frequency. In this thesis, this loss is
quantified as,
|𝐿𝑜𝑠𝑠(𝜃)| =

〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 (0)〉 − 〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 (𝜃)〉
〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 (0)〉

(22)

where 〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 (0)〉 is the net pulse tube energy flow at zero degrees deviation from ideal
and 〈𝐸̇𝑃𝑇,𝑛𝑒𝑡 (𝜃)〉 is the net pulse tube energy flow at an angle removed from zero. A clear
understanding of this loss is required to enable the use of modern high-frequency pulse
tube coolers in applications where the ideal cooler-gravitation alignment is impractical.
3.2.2.

Simulation Methodology
A brief overview of the key characteristics of the ANSYS CFD [80] simulation

methods used in this study will be given here. For explicit details of the simulation methods
the reader is directed to Ref. [56], which describes two distinct methods for simulating the
convective losses: a full system approach which explicitly simulates all pulse tube cooler
components, and an isolated component-level model that includes only the pulse tube and
its adjacent heat exchangers. This study is complementary to the isolated component-level
model study in Ref. [56]. All simulations are performed in 3-D half-symmetry, with the
symmetry plane coincident with the plane in which the gravity vector varies. It has been
shown a component-level model introduces less than 6% error to the predictions, while
reducing the number of CPUs required for parallel processing from 64 to 12 and
simultaneously reducing the simulation time from 32 days to 12 days, in comparison with
the system model [56]. Validation of this model against a set of commercial cryocoolers
was presented in [55], where error was reported as a percentage of the net energy flow
across the pulse tube. An average error of 3.7% and a maximum error of 8.2% were
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reported using this modeling methodology, with largest errors occurring when the cooler
was driven below its design input power, resulting in very low Reynolds numbers.
Numerical simulation error magnitudes were in the range of approximately 100 mW,
indicating that the simulation method is most aptly suited for pulse tube coolers with larger
net cooling capacities, 10 W to 20 W.
An open system modeling method is used to model the isolated component-level
domain consisting of a cold heat exchanger (CHX), a pulse tube, and a warm heat
exchanger (WHX) as illustrated in Figure 13. With proper flow straightening, the flow
profile entering from connected inertance tube and regenerator does not significantly
influence the flow in the pulse tube. Based on the aforementioned assumption, a sinusoidal
mass flow condition with specified temperature, magnitude and phase angle relative to
pressure oscillation is applied at the entrance to the cold heat exchanger (CHX). A
sinusoidal pressure with specified amplitude and frequency 𝜔 provides closure to the fluid
domain at the warm heat exchangers (WHX). Isothermal boundary conditions at the cold
and warm heat exchangers allow energy to flow in and out of the domain. Monitoring

Figure 13. Schematic view of the computational domain along the plane of symmetry.
Patterned sections represent porous domains. Solid filled wall section represents solid
domain. Dashed lines represent computational monitor planes. Double headed arrows
represent oscillatory boundary conditions.
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surfaces are defined across the pulse tube, denoted as L1, L2 and L3, at which the
thermodynamic and hydrodynamic parameters required to compute and isolate energy
flows across the domain are recorded. Conjugate heat transfer with the pulse tube wall is
included to simulate thermally driven boundary phenomena that may impact off-axis
performance. Gas properties are calculated using the NIST real gas models available in
the REFPROP database [81]. The heat exchangers are modeled as porous domains with
hydrodynamic parameters consistent with those reported for packed screens in oscillatory
flow by Cha and et al. [82].
Figure 14 shows the mesh used in the component-level CFD simulations. The pulse
tube is modeled in a symmetric domain. Figure 14(a) is the 3D view of the entire domain.
Figure 14(b) shows the mesh on tube shell wall, and Figure 14(c) shows the mesh on the
symmetry plane. Figure 14(c) also shows the mesh on the inlet. The domain is spatially
discretized using approximately 75,000 ordered mesh elements, the minimum quantity
found to yield grid-independence with discretization error less than 0.5% of the net pulse
tube energy flow. Twelve layers of inflation mesh were used within the fluid domain to
capture boundary effects. The height of the first inflation layer yielded a dimensionless
wall distance y+ close to 1. The mesh sensitivity study can be found in reference [56]. The
transient simulation was carried out to periodic steady state using time steps that yielded
400 samples per period of oscillation. Typical simulations required approximately 30,000
time steps for the solution to converge for convectively stable configurations. Simulations
were carried out on high performance computing (HPC) cluster resources in order to
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(a)

(b)

(c)

(d)

Figure 14. Computational mesh for component-level CFD simulations. (a) 3D view
showing the mesh on the surfaces. (b) Mesh on the surface of pulse tube shell. (c)
Mesh on the symmetry plane. (d) Mesh on the inlet boundary.
perform computations in 12 to 28 parallel processes, with a simulation duration of
approximately 255 hours per case. In some instances, 24 CPUs were used for each case,
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which reduced simulation time to 155 hours.
Specific details outlining the methodology and simulations can be found in
Mulcahey’s thesis [56], which covers the geometric details and solver settings.

3.3.

Experiment Setup
The sensitivity of the cooling performance of a commercial PTC prototype, as

shown in Figure 15, to the orientation of gravitational force was evaluated in experiments
in this investigation. The schematic of the PTC prototype is shown in Figure 16. The PTC
has a coaxial cold tip design in which the pulse tube is in the center. The diameter of the
cold finger is about 44.42 mm (1.75 inches). The warm end is cooled by two air-cooled
tower heat sinks. The compliance tank is located on the top of the warm end. The inertance
tube is coiled inside the compliance tank. The cooler is driven by a 60 Hz compressor
(wave generator) which is designed at 600 W input power. The cold head and compressor

Figure 15. The prototypical commercial PTC.
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Figure 16. The schematic of the prototypical commercial PTC.
are connected using a hard tube. The pressure of the waves that enter the cold head can be
measured by the pressure sensor that is installed in the conjunction between the hard tube
and cold head as shown in the upper picture in Figure 17.
In order to measure the cooling performance of the PTC, the cold tip needs to be
placed in vacuum environment to eliminate convection. Figure 17 shows the PTC and the
vacuum chamber on which it is mounted. The vacuum chamber is a cylindrical chamber
and was designed for ultra-high vacuum applications. The PTC is installed on the top of
vacuum chamber through a 152.4 mm (6-inch) flange as shown in the top picture in Figure
17. There is a rotary mechanism attached to the left side end of the cylindrical chamber.
Using this mechanism, the vacuum chamber can be rotated from a vertical position (0°,
expecting no cooling deterioration caused by gravity) to the upside-down (180°) position.
The cold tip is sealed inside the vacuum chamber and covered by radiation shelters to
minimize convective and radiative losses between the cold tip and the environment.
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Figure 17. PTC prototype and vacuum chamber. The top picture shows the PTC. The
lower left-side picture is the side view of the PTC and vacuum chamber (the
cryocooler on the right side of the picture was not part of the experiment). The lower
right-side picture shows the rotary mechanism that is attached to one end of the
cylindrical vacuum chamber.
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The pressure inside the vacuum chamber was controlled and maintained under
1.33 × 10−4 Pa (1.0 × 10−6 torr) during the tests using a two-stage vacuum pump system
as shown in Figure 18.

Figure 18. The vacuum pump and its controlling board.
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In order to measure the cooling performance of the PTC, cooling loads and
temperatures need to be controlled. A machined copper test plate, as shown in Figure 19,
was designed to install the necessary electric heater and temperature sensor. The upper
picture in Figure 19 is the top view of the test plate. There are four through holes in the
outer region of the test plate so that the test plate can be bolted to the cold tip of the PTC.
In the center of the plate there are two smaller threaded through holes designed for
attaching temperature sensors. In this experiment, a calibrated LakeShore DT-670D silicon

Figure 19. Drawing of the test plate that is attached to the cold tip. The upper picture
is the top view and the lower picture is the horizontal view.
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diode cryogenic temperature sensor and a T-type thermocouple were installed in the test
plate. The thermocouple was only used for cross validation. The temperature was measured
using the calibrated silicon diode cryogenic temperature sensor. Electric heaters can be
installed in the horizontal through hole as shown in the lower picture in Figure 19. Two 25
W Cryo-con heaters were installed to simulate the cooling load. The silicon diode and the
heaters were connected to a Cryo-con Model 24C temperature controller which can control
the cooling load automatically.
The PTC was positioned at different inclination angles, 0°, 45°, 90°, 135°and 180°,
from vertical position. The cold-end temperature was maintained at 77 K and 100 K. The
PTC was driven by 400 W and 600 W powers. The cooling loads at these conditions were
measured and analyzed.

3.4.

Coupled 1D and CFD Model
The overall cooling performance can be measured in the experiments described in

Section 3.3. But the flow field in the pulse tube cannot be observed experimentally. The
details of the flow field are important to understand the phenomenology of gravitational
instability. Thus, a multidimensional simulation that can provide the details of the flow
field in pulse tubes was necessary. The components in the system of PTCs are highly
coupled. A slight change of one component can result in an entirely different performance.
Modelling all components as a coupled system is required to accurately predict the
performance of a PTC. However, simulating a PTC in its entirety can be computationally
extremely expensive. Only a transient solver can be used for these simulations due to the
oscillating flow in a PTC. The simulations can typically take hundreds of periods for the
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flow to become steady-periodic. The system model developed by Mulcahey [56], for
example, simulated an entire single-stage PTC, including inertance tube in 3D CFD. The
total number of mesh was very large. The model requires accurately resolving pressure
wave propagation and resistance in the inertance tube. As a result, the time step must be
very small to ensure that Courant number is close to one, and the boundary layer must be
sufficiently resolved to yield accurate boundary layer-dominated resistances. The inertance
tube and compliance tank in system-level simulations are 1D-like components. A multitude
of 1D models have shown very good prediction of the flow phenomena in inertance tubes
when compared with experiments [83-85].
A component-level model, such as the one described in Section 3.2. only models a
critical component with small dimension, possibly in addition to its two adjacent
components, for example the pulse tube as well as the cold and warm heat exchangers, and
thus does not require very small time steps to resolve the pressure wave propagation. As a
result, a component-level computational model can be orders of magnitude faster than a
system-level model. However, there are several troubling issues encountered in
component-level modeling. Normally a CFD model requires a pressure boundary and mass
flow boundary to yield a stable solution. The boundary conditions are often computational
predictions or experimental measurements. However, measuring pressure or mass flow rate
in most PTC components can be very difficult, including the experiment described in
Section 3.3.
To reduce the computational expense and to preserve the integrity of the impedance
network, a coupled 1D-CFD model was developed and used as the computational approach.
1D-like components, e.g. the inertance tube and compliance tank were modeled using 1D
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formulation. The cold-tip assembly was modeled using CFD in order to resolve multidimensional features. The 1D model and 2D/3D CFD model were coupled using ANSYS
FLUENT User Defined Functions (UDFs). The predictions of the 1D model and the
coupled model were compared with experimental data as well as the predictions of other
models.
3.4.1.

1D model
Inertance tube and compliance tank were modeled using a one-dimensional

distributed impedance network model, as described by Schunk et al. [84] with the entrance
effects neglected. The impedance of the inertance tube and compliance tank is analogous
to the electric circuit shown in Figure 20. The inertance tube is discretized into 𝑛 segments.
Each segment is represented by a flow resistance (𝑅𝑖 ), compliance (𝐶𝑖 ) and inertance (𝐿𝑖 )
where 𝑖 presents the 𝑖th segment. The corresponding mass flow rate (𝑚̇ 𝑖 ) presents the flow
rate through 𝑅𝑖 and 𝐶𝑖 . The pressure (Pi) represents the pressure at the right-hand side end
of the 𝑖th segment. The compliance tank is represented by a single compliance (𝐶𝑐𝑜𝑚 ).

Figure 20. Impedance network representing an inertance tube and a compliance tank.
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The resistance (𝑅𝑖 ), compliance (𝐶𝑖 ) and inertance (𝐿𝑖 ) of each segment can be
calculated separately. The resistance (𝑅𝑖 ) is due to the friction that the fluid experiences in
a circular flow passage and is given by
𝑅𝑖 =

64𝑓𝑖 𝑚̇𝑖 (𝐿/𝑛)
⁄𝜋 3 𝜌̅ 𝐷5
𝑖 𝑖

(23)

where 𝜌̅𝑖 is the average density of the fluid in the 𝑖th segment, 𝐿 is the total length of the
inertance tube, 𝐷𝑖 is the inner diameter of the inertance tube, 𝑓𝑖 is the Fanning friction
factor. Since the flow in the inertance tubes of PTCs is mostly turbulent, 𝑓𝑖 is calculated
from
𝑓𝑖 = 0.046𝑅𝑒𝑖−0.2

(24)

where 𝑅𝑒𝑖 is the Reynolds number in the 𝑖th segment. The compliance (𝐶𝑖 ) is given by
𝐶𝑖 =

𝜋𝐷2 (𝐿/𝑛)
⁄ ̅̅
4𝛾𝑅 𝑇𝑖

(25)

where 𝛾 is the specific heat ratio, 𝑅̅ is the gas constant, and 𝑇̅𝑖 is the average temperature
of the fluid in the 𝑖th segment. The inertance (𝐿𝑖 ) is determined purely by the geometry and
is given by
𝐿𝑖 = 4𝐿⁄𝑛𝜋𝐷2

(26)

The associated impedances of resistance (𝑅𝑖 ), compliance (𝐶𝑖 ) and inertance (𝐿𝑖 )
are as follow, respectively
𝑍𝐶,𝑖 = 1⁄𝑗𝜔𝐶

(27)

𝑍𝐿,𝑖 = 𝑗𝜔𝐿𝑖

(28)

𝑍𝑅,𝑖 = 𝑅𝑖

(29)

𝑖

The impedance of the entire network can be calculated starting from the first
segment. The impedance network of the first segment has two parallel paths, compliance
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component (𝑍𝐶,1 ), and 𝑍𝑅,1 , 𝑍𝐿,1 and 𝑍𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 in series. 𝑍𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 is the impedance of
the compliance tank which can be calculated according to its volume:
𝑍𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 =

𝛾𝑅̅ 𝑇̅𝑖
⁄𝑗𝜔𝑉
𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒

(30)

where 𝑉𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 is volume of the compliance tank. The total impedance of the second
path, 𝑍𝑠𝑒𝑟𝑖𝑒𝑠,1, which includes three components, 𝑍𝑅,1 , 𝑍𝐿,1 and 𝑍𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 , is given by:
𝑍𝑠𝑒𝑟𝑖𝑒𝑠,1 = 𝑍𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 + 𝑍𝑅,1 + 𝑍𝐿,1

(31)

The total impedance of the first segment, 𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,1, is the combination of the two parallel
paths:
𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,1 = (

1
𝑍𝑠𝑒𝑟𝑖𝑒𝑠,1

+

1 −1
)
𝑍𝐶,1

(32)

The same formulation can be repeated for the first segment to the 𝑛th segment.
𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,𝑖 = (

1
𝑍𝑠𝑒𝑟𝑖𝑒𝑠,𝑖

+

1 −1
) , 𝑖 = 1, 2, … , 𝑛
𝑍𝐶,𝑖

𝑍𝑠𝑒𝑟𝑖𝑒𝑠,𝑖 = 𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,𝑖−1 + 𝑍𝑅,𝑖 + 𝑍𝐿,𝑖 , 𝑖 = 2, 3, … , 𝑛

(33)
(34)

where 𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,𝑖 is the sum of 𝑍𝑠𝑒𝑟𝑖𝑒𝑠,𝑖 and 𝑍𝐶,𝑖 which are in parallel, 𝑍𝑠𝑒𝑟𝑖𝑒𝑠,𝑖 is the
total impedance of 𝑍𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,𝑖−1 , 𝑍𝑅,𝑖 and 𝑍𝐿,𝑖 which are in series. Thus, the mass flow
entering the inertance tube is given by
𝑚̇𝑖𝑛 =

𝑃𝑖𝑛
⁄|𝑍
𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙,𝑖 |

(35)

where 𝑃𝑖𝑛 is the pressure at the left-hand end of the inertance tube. The mass flow through
the compliance (𝐶𝑛 ) path in the 𝑛th segment is 𝑚̇𝐶,𝑛 and can be calculated as:
𝑚̇𝐶,𝑛 =

𝑃𝑖𝑛
⁄𝑍
𝐶,𝑛

Similarly, the mass flow through the compliance component in the 𝑖th segment is:
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(36)

𝑚̇𝐶,𝑖 =

𝑃𝑖+1
⁄𝑍 , 𝑖 = 1, 2, … , 𝑛 − 1
𝐶,𝑖

(37)

Using the conservation law, the mass flow through the resistance and inertance components
in the 𝑖th segment is given by:
𝑚̇𝑖 = 𝑚̇𝑖−1 − 𝑚̇𝐶,𝑖 , 𝑖 = 1, 2, … , 𝑛

(38)

The pressure at the right-hand-side of the 𝑖th segment can, therefore, be calculated by:
𝑃𝑖 = 𝑃𝑖+1 − 𝑚̇𝑖 (𝑍𝑅,𝑖 + 𝑍𝐿,𝑖 ), 𝑖 = 1, 2, … , 𝑛 − 1

(39)

Remembering for the last, 𝑛th, segment,
𝑃𝑛 = 𝑃𝑖𝑛 − 𝑚̇𝑛 (𝑍𝑅,𝑛 + 𝑍𝐼,𝑛 )

(40)

then, all the local unknowns can be calculated.
3.4.2.

Comparison of the 1D Model against Published Results
The developed 1D model has the following three major simplifications:
1)

Assuming the flow in inertance tube is fully turbulent;

2)

Neglecting the effects of junction and entrance regions; and

3)

Assuming that the process is isentropic.

The first simplification is based on the fact that the peak Reynolds number in the
inertance is normally huge and the flow is fully turbulent. The second simplification was
made because the effects of conjunctions and entrance regions are negligible compare with
the total impedance of the entire network. The third simplification is justified because the
thermal penetration depth is an order of magnitude lower than the diameter of the tubes,
and the property change due to the temperature of the helium in inertance tube is small.
The developed model was compared with previous experimental and modelling results that
were published by Luo et al. [83]. The model that Luo et al. developed used a complicated
turbulence transport model which needs to be solved numerically. In return, Luo et al.’s
58

Table 1. Geometric parameters of inertance tubes that were modelled
Tubes

Length [m]

Inner Diameter [mm]

Tube 1

1.689

1.016

Tube 2

1.219

1.547

Table 2. Operating parameters of 1D model and experiment
Parameters

Range

Charging pressure [MPa]

2.5

Oscillating frequency [Hz]

30 to 90

Pressure ratio

1.05 to 1.4

model is supposed to be more accurate than the 1D model developed here, especially for
the case where resistance is significant.
Two inertance tubes were modeled. The geometric parameters of these inertance
tubes are summarized in Table 1. The inner diameter and length of tube 1 are 1.016 mm
and 1.689 m, respectively. The inner diameter and length of tube 2 are 1.547 mm and 1.219
m, respectively. The diameters of the tubes are small; and the effect of the resistance
component is more significant than compliance and inertance components, as a result. The
operating parameters are shown in Table 2. The working fluid is helium with a charge
pressure of 2.5 MPa. The oscillating frequencies varied from 30 Hz to 90 Hz with the
increment of 10 Hz. The pressure ratios were varied from 1.05 to 1.4 with the increment of
0.05.
The predicted phase angles by which pressure lead mass flow were compared with
both experimental and modelling results of Luo et al. [83], as shown in Figure 21 and
Figure 22. Overall, the predictions of the developed 1D model are close to Luo et al.’s
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Figure 21. Comparison of the pressure-to-mass phase relationship at difference
frequencies between 1D model in this research, experimental data and Luo et al.’s
model.

experiments and simulations. Figure 21 shows the pressure-to-mass-flow phase angle
while oscillation frequency is varying. The 1D model agrees better with Luo et al.’s
experiment and simulation in tube 2 where the resistance component is not as significant
as in tube 1. The effect of frequency can be complex due to two competing trends. On one
hand, higher frequency leads to lower flow oscillation amplitude, whereby the
simplification 1 will be inaccurate. On the other hand, higher frequency implies lower
thermal penetration depth, whereby simplification 3 will be more accurate. These may
explain why both models under-predict the phase angle when frequency is low and over-
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predict it when frequency is high. Figure 22 shows the pressure-to-mass-flow phase angle
while pressure ratio is varying. Both models show good agreement with experiment for
tube 2. However, when pressure ratio is low, the agreement is not as good for tube 1. Tube
1 is longer and narrower than tube 2. The flow velocity and turbulence intensity through
tube 1 can be significantly smaller than that through tube 2 while pressure ratio is low.
Therefore, simplification 1 can be less likely to apply when pressure ratio is low. Luo et
al.’s model generally performs better because the turbulence transport model it used can
provide more accurate prediction of resistance, especially when turbulence intensity is low,
such as tube 2 at high frequency or low pressure ratio.

Figure 22. Comparison of the pressure-to-mass phase relationship at difference
pressure ratios between 1D model in this research, experimental data and Luo et al.’s
model.
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Further improvements of the 1D model are possible with a more accurate turbulent
model. The cryocooler tested in Section 3.3. works at 60 Hz and a pressure ratio of 1.2 to
1.4. For these parameters the developed 1D model showed very good agreement with the
experiments and simulations reported by Luo et al.. Therefore, this 1D model is used in the
coupled 1D-CFD model.
3.4.3.

Coupled 1D and 2D/3D CFD Modeling
Figure 23 is a picture showing the CAD model of the cold head of the PTC that is

modeled and tested experimentally, as describe in the last two sections. The cold head has
coaxial design with the pulse tube located at its center. The pulse tube is the place where
multi-dimensional flow features may exist and, therefore, is the primary reason that the
cold head needs to be modeled in CFD.
The pressure wave that is generated by the compressor enters the cold head through
the connecter located at the top-right side of the warm heat exchanger, as shown in Figure
23. The pressure travels through the ring-shape regenerator, enters the cold heat exchanger,
turns and travels through the pulse tube, and finally enters the inertance tube.
The simulation has a small time-step and the total simulation time needs to be long
enough, typically hundreds of periods, so that multi-dimensional flow can fully develop.
Therefore, a simplified two-dimensional axis-symmetric geometry was used to reduce the
computation cost. The computational domain and boundary conditions are shown in Figure
24. As shown in Figure 24, the regenerator, cold heat exchanger (CHX) and flow
straighteners were treated as porous media in the model. All solid parts were omitted to
reduce the overall computational burden. This is a reasonable approximation because, in
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Figure 23. The CAD model of the cold head assembly in the PTC in this study.

comparison with convection, conduction in the solid material is small and can be neglected
[56]. Isothermal boundary conditions were used on the surfaces of the cold and warm ends
of the cold-tip assembly. As shown in Figure 24, the working temperature of the cooler
varies from 313 K (warm end) to 77 or 100 K (cold end). The key performance indicator,
namely the cycle-averaged cooling power, was calculated by averaging the instantaneous
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heat flux on the cold-end isothermal surface. Note that although the computational domain
here is 2D, using the developed method the 1D model can be easily coupled with 3D CFD

Figure 24. 2D axisymmetric CFD computational domain and boundary conditions.
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models as well.
The aforementioned 1D model was implemented in 2D/3D FLUENT CFD models
using ANSYS FLUENT UDFs. The mass flow boundary condition at the junction between
inertance tube and cold tip was defined by UDFs and calculated using the 1D model. The
other boundary was the experimentally measured pressure profile. In this way, the
impedance of the inertance tube, compliance tank and cold-tip assembly are all coupled.
There will be only one imposed boundary condition which can be easily measured.
Figure 25 shows the mesh that was used in the simulations. The flow regime inside
the pulse tube was weakly turbulent according to Iguchi et al. [86]. Specifically, the flow
in the region near the wall is laminar, and the flow in the center of the tube can be turbulent
in certain portions of a full cycle. Therefore, a fine mesh was used. The size of the grid
cells inside the pulse tube is equal to 1/127th of the diameter of the pulse tube. A minimum
of 30 layers of inflation mesh was used on the pulse tube wall. The height of the first cell
layer is equivalent to about one wall unit, 𝑦 + ≈ 1. Coarser meshes was used for other
regions, e.g., regenerator and CHX, where the flow details are neither complex nor
critically important.
The pressure-velocity scheme was coupled. Spatial discretization methods for
density, momentum and energy were second-order upwind. The transient formulation was
second-order implicit. The convergence criteria for continuity, velocities and energy were
10-6, 10-6 and 10-9, respectively. Equilibrium thermal model was used for porous media,
e.g. CHX and the regenerator.
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Figure 25. Computational mesh.
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3.5.

Results

3.5.1.

Component-Level CFD Simulations
Because component-level CFD simulation is a complementary study to the

component-level CFD simulations in Mulcahey’s thesis [56], the discussion includes a
brief review of the results from Mulcahey’s thesis [56].
This discussion examines the results of 145 simulated pulse tube conditions with
driving frequencies ranging from 25 Hz to 60 Hz, cold end temperatures from 4 K to 80 K,
rejection temperatures of 20 K to 300 K, simulated mass flow rate amplitudes from 1 g/s
to 15 g/s, and mass flow phase angles of -30° to +30° relative to pressure. Multiple
inclination angles θ, from 0° to 180°, were studied. An inclination angle of 0°corresponds
to the cold end of pulse tube pointing downward, where the density gradient is ideally
aligned with the gravity vector and the flow field is convectively stable. Two computational
domains were used with length/diameter aspect ratio of eight (8), commonly used as a
design minimum, and four (4), which is often required for larger capacity pulse tubes as
cross-sectional area scales with mass flow while length does not. Experimentally measured
off-axis performance for six (6) commercial cryocoolers are also included in the analysis
to add to the body of data from which conclusions are to be drawn.
Upon completion, each simulation was post-processed to determine the net energy
flow defined in Equation 21 across the pulse tube at the cold end, adjacent to the cold heat
exchanger but within the gas domain outside the transition from porous to open flow
channel. The energy flow data at varying inclination angles θ were compared to the energy
flow in the vertical orientation via Equation 22, yielding the normalized energy flow loss
|𝐸̇ |, for which a value of zero indicates no reduction in cooling performance at the specified
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Figure 26. Normalized loss coefficient (Equation 22) for pulse tube with L/D=4
aspect ratio driven at 60 Hz at various mass flows in five discrete orientations with
respect to gravity. Phase angle of -30°(mass lags pressure) and pressure ratio of 1.2
operating between 300 K and 60 K.
angle, a value of one indicates complete loss of net cooling power, and a value greater than
one indicates that the pulse tube acts as a parasitic heat pipe and transfers energy from the
warm end to the cold end, resulting in heating. Normalized energy flow loss is plotted in
Figure 26 and Figure 27 to indicate the order of magnitude reduction in sensitivity resulting
from changes in the oscillatory Reynolds number [87], 𝑅𝑒𝛿 , which is based on Stocks
oscillatory boundary layer thickness and is defined as
̅
𝑅𝑒𝛿 = 𝑈𝛿⁄𝜈

(41)

̅ is the cross-sectional mean flow velocity amplitude, 𝜈 is the kinematic
where 𝑈
viscosity, and 𝛿 is the Stocks layer thickness given by
𝛿 = √2𝜈⁄𝜔
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(42)

Figure 27. Normalized loss coefficient (Equation 22) for pulse tube with L/D=8 aspect
ratio driven at 60 Hz at various mass flows in five discrete orientations with respect to
gravity. Phase angle of -30°(mass lags pressure) and pressure ratio of 1.2 operating
between 300 K and 60 K.

where 𝜔 is the angular velocity.
The Reynolds number based on Stokes’ boundary layer thickness, 𝑅𝑒𝛿 is used to
characterize the flow and ranges from 43 (very laminar) to 350, where the critical value of
this Reynolds number for transition to intermittent turbulence is approximately 500.
Figure 26 displays representative energy flow loss data as a function of the mass
flow amplitude, and therefore the Reynolds number, for a pulse tube with length-todiameter aspect ratio of four (4) under the typical pulse tube design conditions that mass
flow lags pressure by 30°, (i.e. 𝜃𝑚−𝑝 = −30°). The average gaseous helium pressure used
in all simulations was 2.0 MPa with a pressure amplitude of 400 kPa. The mass flow
amplitude is directly related to the input power, and therefore the efficiency decreases
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significantly for higher mass flows at inclination angles above 45°when mass flow is used
as a mechanism to stabilize the flow. The error bars displayed in the net energy flow plots
in Figure 26 and Figure 27 are used for unstable cases to show the maximum and minimum
energy flows observed over the final 0.25 s of simulated flow time.
Figure 27 shows the performance of a pulse tube with identical operating conditions
to the results reported in Figure 26 and identical pulse tube gas volume but stretched to an
aspect ratio of eight (8). In this case, only a single operating point (1 g/s, 90°orientation)
resulted in catastrophic loss of cooling, and an increase in the mass flow rate to 4 g/s
reduced orientation sensitivity by two orders of magnitude.

Figure 28. Normalized loss coefficient (Equation 22) for pulse tube with L/D=8
aspect ratio driven at 60 Hz at various mass flows in five discrete orientations with
respect to gravity. Phase angle of -30°(mass lags pressure) and pressure ratio of 1.2
operating between 20 K and 4 K.
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Figure 28 shows normalized cooling of the pulse tube in the same working
condition as shown in Figure 27, except that the working temperature is between 20 K and
4 K. In this case, the performance of the pulse tube was more sensitive to gravity orientation
than the case representing 300 K to 60 K. Two points (1 g/s, 90°and 135°orientation)
show catastrophic loss of cooling. Other points also present larger loss of cooling compared
with Figure 27. In the extremely low temperature range (in this case 20 K to 4 K),
inclination effects are more severe because of stronger convection resulting from larger
variation in density.
Figure 29 compares the flow patterns at varying inclination angles. The sample case
had the parameters of length-to-diameter ratio of 8 (denoted by LD8), 60 Hz, 1 g/s mass
flow, -30°phase lag of mass to pressure, and temperature range of 20 K to 4 K. The
temperature gradients in the middle part of pulse tube indicated clear convective flow
patterns for 90°, 135° and 180° conditions. The patterns observed have different
characteristics at different angles indicating that the buoyant cellular structure varies with
the inclination angle.
By showing contours of serval time steps within a cooling cycle, Figure 30 presents
convective flow patterns for 90°and 180°at various points in the oscillation cycle. These
were the same cases as those shown in Figure 29. At 90°inclination, there was a strong
convective circulation that existed and lasted a whole cooling cycle, indicated by the cold
gas dropping and hot gas rising. The circulation could not be stabilized by oscillation in
the example shown. Meanwhile, the chaotic convective flow inside the pulse tube at 180°
indicated an apparently random flow circulation pattern, which is consistent with a quasistable configuration, i.e. the temperature gradient is aligned with but directly opposed to
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the gravity vector. Convective flow does not travel from one end of the pulse tube to the
other end as noted in the 90°inclination results. As a result, the temperature gradient at
180°was clearer than the one at 90°which implied weaker convective heat transfer. It is
interesting to note that Figure 26, Figure 27 and Figure 28 show that the 180°cases
generally had lower cooling losses then the 90°cases.

Figure 29. Sample temperature contours (L/D=8, 60 Hz, 1 g/s, 20 K - 4 K, -30°phase)
at inclination angles of 0°, 45°, 90°, 135°and 180°. Color bar has units of degrees
Kelvin (K).
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3.5.2.

Experimental Measurements and Coupled 1D-CFD Simulations

Figure 30. Temperature contours (L/D=8, 60 Hz, 1 g/s, 20 K – 4 K, -30°phase) of 90°
and 180°inclination angle at 0/4, 1/4, 2/4, 3/4 and 4/4 point of a full cooling cycle.
Color bar has units of degrees Kelvin (K).
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The aforementioned experiments and the coupled 1D-CFD simulations are based
on the same PTC protype. Therefore, their results are presented and discussed together in
this section.
In the experiments, the cooling power of the PTC prototype has been measured at
400 W and 600 W driving powers, and 100 K and 77 K cold-end temperatures. These
measurements were done at five inclination angles, including 0°(vertical position with cold
head pointing downwards), 45°, 90°, 135° and 180° (vertical position with cold head
pointing upwards). The pulse tube convection number, 𝑁𝑃𝑇𝐶 , as shown in Equation 19, for
conditions tested are calculated and shown in Table 3. Note that 𝑁𝑃𝑇𝐶 can be calculated
only when the inclination angle is larger than 90°. A higher 𝑁𝑃𝑇𝐶 indicates that the PTC is
less likely to show cooling power loss due to inclination. Among all the cases, 𝑁𝑃𝑇𝐶 is the
smallest when the inclination angle is 135°. It suggested that when positioned at 135°, the
PTC may present the worst cooling performance. At 180°, the 𝑁𝑃𝑇𝐶 is slightly larger than
at 135°, and the performance of PTC can be better. An inclination angle of 90°, which
represents a horizontal orientation is actually only slightly worse off in comparison with

Table 3. Non-dimensional pulse tube convection numbers of the tested pulse tube
Working condition

NPTC at the inclination angle

Driving power (W)

Cold-end
temperature (K)

90°

135°

180°

600

100

60.6

26.1

26.6

400

100

28.4

12.3

12.5

600

77

18.3

7.9

8.1

400

77

13.9

6.0

6.1
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Figure 31. Measured net cooling power of the PTC at various driving powers (400W
and 600W), cold-end temperatures (77K and 100K) and inclination angles (0°, 45°,
90°, 135°, 180°).
0°(vertical with cold head down) configuration.. Swift and Backhaus [27, 28] concluded
that PTCs with small aspect ratios, 𝐷/𝐿 , will have stable cooling performance when
inclined if 𝑁𝑃𝑇𝐶 < 2. When 𝐷/𝐿 is larger, the minimum safe value of 𝑁𝑃𝑇𝐶 should be
larger. However, Berryhill and Spoor [31] suggested that the safe threshold value of 2
should be several times higher. All the cases in Table 3 should be stable if 𝑁𝑃𝑇𝐶 > 2 is
used as the threshold for negligible loss due to inclination.
Figure 31 shows the measured net cooling power of the tested PTC at various
driving powers, cold-end temperatures and inclination angles. When the PTC was
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Figure 32. Normalized cooling loses (Equation 43) calculated based on the measured
net cooling power of the PTC at various driving powers (400W and 600W), cold-end
temperatures (77K and 100K) and inclination angles (0°, 45°, 90°, 135°, 180°).
positioned vertically with its cold head down (𝜃 = 0°), it worked at the optimum condition
and generated the highest cooling power for any given driving power and cold-end
temperature. When the PTC was positioned at 𝜃 = 135°, it showed the lowest cooling
power. Coincidently, in Table 3, the lowest 𝑁𝑃𝑇𝐶 can be achieved when 𝜃 = 135°. The
observation agrees with Swift and Backhaus’s analogy theory that lower 𝑁𝑃𝑇𝐶 indicates
stronger natural convection.
In order to compare different cases directly, we define the normalized cooling loss
coefficient
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𝐶𝐿𝜃 =

𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝑎𝑡 0° − cooling power at θ°
𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝑎𝑡 0°

(43)

Values of 𝐶𝐿𝜃 for the cases in Figure 31 are presented in Figure 32. Larger 𝐶𝐿𝜃 means the
PTC loses more cooling power in comparison with the cooling power in the ideal vertical
condition. In Figure 32, notable cooling deteriorations can be observed when the PTC was
inclined. At 135°, all cases had their lowest cooling powers and therefore their worst
performance. When the PTC was driven by 400 W and the cold-end temperature was 77
K, the PTC lost all cooling power at 135°. With the same inclination angle, larger 𝑁𝑃𝑇𝐶
implies that the performance is less sensitive to misalignment with gravity. The trend for
the various driving powers and cold-end temperatures generally follow Swift and
Backhaus’s theory. However, the safe minimum value for 𝑁𝑃𝑇𝐶 appears to be significantly
higher than the value previously proposed by Swift and Backhaus.
The coupled 1D-CFD model was used to model the exact same system. As
explained earlier, the only boundary condition, pressure profile, was based on experimental
measurements.
In Figure 33, the cycle-average cooling power predicted by the coupled 1D-CFD
model is compared with experiment at the condition where the PTC was positioned
vertically. There is a fair agreement between the predictions of the coupled model and the
experiments. The smallest discrepancy (about 2%) is obtained for the 100K, 400W case,
and the largest discrepancy (about 20%) occurs for the 77K, 400W case. The main reason
the calculated cooling powers are higher than experiment is believed to be that the
conductive and radiative losses are not accounted for in the model. To assess the
contribution of losses, the conductive loss was calculated using the computer code SAGE
[45]. The calculated conductive losses through solid shells amounted to 4.068W and
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4.343W, respectively, for 100K and 77K cold tip temperatures. The surface of the cold
head in the experiments is slightly oxidized, furthermore. The emissivity of the copper
CHX depends on its surface conditions and can vary from 0.07 (scoured to a shine) to 0.7
(oxidized). The surface area of the CHX is approximately 60 cm2, and the cold head is
covered by two layers of radiation shield. The estimated radiative losses are in the range
from 0.075W - 0.75W and 0.076W - 0.76W, respectively, for the 100K and 77K cold head
temperatures. The differences of cooling power between coupled model and experiment
are around 1W and 4W for the 100K and 77K cold head temperatures, respectively, which
are in the same order of magnitude as the estimated conductive and radiative losses.

Figure 33. Comparison of cooling power between coupled 1D-CFD model and
experiment when the PTC is positioned vertically with the cold end down.
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Figure 34. Comparison of cooling power between coupled model and experiment
when the PTC is upside down.
Figure 34 shows the cycle-average cooling power predicted by the coupled model
and measured in experiment when the PTC was positioned upside-down (𝜃 = 180°). The
agreement between simulation and experiment is not as good as it was for the vertical case.
The simulations indicate that the cooling performance of the PTC was not affected by its
inclination angle. It has been noticed that simulations generally predict better cooling
performance at unfavorable inclination angles in comparison with experiments. This
disagreement between model and experiment and the possible reasons behind it will be
discussed in the forthcoming Chapter 4 of this thesis.
3.5.3.

Comparison Between Experimental Data and Simulation
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Figure 35. |𝐿𝑜𝑠𝑠(𝜃)| (Equation 22) vs 𝑁𝑃𝑇𝐶 results for aggregated simulations and
experimental datasets. Legend entries indicate the aspect ratio (𝐿/𝐷), driving
frequency, cold end temperature, mass flow, and phase angle of mass flow relative to
pressure (dashed and solid lines indicate the envelope functions described in Equation
44 and Equation 45, respectively). “𝐿/𝐷” refers to the length-to-diameter aspect ratio.
The legend gives the following information, in order: (aspect ratio) (frequency)
(temperature range) (mass flow amplitude) (mass flow to pressure phase angle).
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Figure 36. |𝐿𝑜𝑠𝑠(𝜃)| (Equation 22) vs. 𝑁𝑃𝑇𝐶 results for aggregated simulations and
experimental datasets plotted on a logarithmic vertical axis. See Figure 35 for legend
defining driving frequency, cold end temperature, mass flow, and phase angle of mass
flow relative to pressure (dash and solid lines indicate the envelope function described
in Equation 44 and Equation 45 respectively).

81

The disagreement between aforementioned model and experiment at the condition
where the PTC is not positioned vertically is no uncommon. In this section, the results of
the cooling performance from the simulation and experiment described in this chapter, and
external sources are summarized and discussed.
The data are summarized and presented in Figure 35 and Figure 36. The
computational and experimental results included in Figure 35 and Figure 36 have a wide
range of pulse tube conditions. Driving frequencies range from 25 Hz to 60 Hz, cold end
temperatures range from 4 K to 100 K, rejection temperatures range from 20 K to 300 K,
mass flow rate amplitudes range from 1 g/s to 28.5 g/s, and mass flow phase angles range
from -55°to +30°relative to pressure. Six different pulse tubes with length to diameter
aspect ratio from 3.4 to 10.5.
In order to assimilate all the collected data, the pulse tube convection number, 𝑁𝑃𝑇𝐶
defined by Equation 19, and the normalized energy flow loss, |𝐿𝑜𝑠𝑠(𝜃)|, defined by
Equation 22 were computed for each case. Figure 35 displays the normalized energy flow
loss, |𝐿𝑜𝑠𝑠(𝜃)|, as a function of the computed pulse tube convection number 𝑁𝑃𝑇𝐶 for all
data collected in this study, both numerically simulated and experimentally measured.
Figure 36 presents the same data as Figure 35 on a logarithmic vertical axis. A key
characteristic of the plot in Figure 35 is the notable scatter in sensitivity throughout the
range of 𝑁𝑃𝑇𝐶 . This suggests that the pulse tube convection number can be used as an order
of magnitude indication of the orientation sensitivity but cannot be relied upon to directly
compute the expected change in energy flow for a specific cooler. In order to maximize
orientation robustness, the designer should maximize the pulse tube convection number,
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compute the maximum predicted loss, then perform CFD simulation as necessary to verify
orientation sensitivity is below the predicted value.
It needs to be noted that pulse tube convection number 𝑁𝑃𝑇𝐶 was derived based on
the analogy between gravity-driven convection in a pulse tube and an inverted pendulum
that is stabilized by vibration, where the pulse tube flow field is idealized as plug flow in a
loop. The fluid in the idealized pulse tube is thus assumed to be stratified, leading to the
aforementioned loop. However, in reality, the convective flow pattern in a pulse tube is far
more complex. Instability does not set in abruptly and is accompanied by complex threedimensional flow effects. As a result, the normalized cooling loss may not strictly follow
a unique relationship with 𝑁𝑃𝑇𝐶 alone.
Curve fits to the highest losses observed was performed to provide an envelope
giving an upper bound to the losses observed across the range of pulse tube convection
numbers simulated and measured. In general, observation of the data presented in Figure
35 and Figure 36 yields interesting trends. Both experimental data and simulation are
scattered. Pulse tube convection number NPTC is only an order of magnitude indicator of
gravity sensitivity. The convective flow pattern is determined by collective effects of
various factors. There is notable evidence that use of higher operating frequency, when
possible, is advisable. Furthermore, larger aspect ratio (slender) pulse tubes generally
perform better when they are off axis for temperatures above approximately 60 K. For
temperatures below approximately 15 K, off-axis effects are noticeably more severe as
expected due to the larger disparity in density between cold and warm ends when compared
to more moderate temperature cases. Finally, larger mass flow amplitudes generally serve
to reduce the off-axis sensitivity, though cooling efficiencies may decrease as a result. Mass
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flow stabilization is attributed to larger inertial forces, which are stabilizing when
compared with the buoyancy forces.
All of the observed cases shown in Figure 35 and Figure 36 report orientation
sensitivity in terms of normalized energy flow loss below a bounding function which is
fitted to the largest observed loss over the full range studied. All the extreme points are
fitted with an exponential decay function of the form shown in the forthcoming equation,
which is valid for 𝑁𝑃𝑇𝐶 > 5.
|𝐿𝑜𝑠𝑠(𝜃)|𝑚𝑎𝑥 ≤ 1.3183𝑒 −0.0460𝑁𝑃𝑇𝐶 (𝑁𝑃𝑇𝐶 > 5)

(44)

All the extreme points for NPTC > 5 are experimental data. The experiments were
more sensitive to unfavorable gravity orientation in comparison with the simulations, as
stated earlier. The following equation is a curve fit that represents the upper limit of the
relative losses in CFD simulation results.
|𝐿𝑜𝑠𝑠(𝜃)|𝑚𝑎𝑥 ≤ 1.4566𝑒 −0.0926𝑁𝑃𝑇𝐶 (𝑁𝑃𝑇𝐶 > 5)

(45)

The aforementioned higher sensitivity of some of the experimental data to the tilt
angle in comparison with CFD simulations is likely due to the non-ideal features in the
experiments. The CFD model used in this study has the idealized assumption that no
streaming effects are caused by other components or imperfections, e.g. inertance tube,
coaxial heat exchanger and non-uniformity of real porous media. There can be minor
geometric features that exist in a real PTC and are often neglected in CFD simulations. The
possible effect of some minor geometric features will be study in Chapter 4.
The utility of the data reported herein is the ability to determine the expected order
of magnitude loss as a function of a calculated pulse tube convection number for a given
theoretical design. This factor can be incorporated in a scoping-level study to avoid designs
that possess undesirable orientation sensitivity. Once a prospective design is developed, it
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should be examined using the above-described 3-D CFD methodology at the worst
anticipated angle of inclination to verify the level of sensitivity prior to fabrication.

3.6.

Concluding remarks
In this chapter, the natural convective instability of the oscillating flow in pulse

tubes was studied by three methods: component-level CFD simulations, experiments, and
system-level coupled 1D-CFD simulations. Swift and Backhaus’s theory [27, 28] was
evaluated using generated and gathered data that are based on a variety of different
geometries and working conditions.
The component-level CFD model treats a pulse tube and its adjacent warm heat
exchanger and cold heat exchanger in a symmetric 3D domain. A wide range of parameters,
including the aspect ratio of pulse tube, warm and cold end temperatures, mass flow rate,
driving frequency, and the angle of inclination with respect to gravity, were studied. A total
of 145 pulse tube conditions were simulated. The driving frequency ranges from 25 Hz to
60 Hz. Cold end temperatures range from 4 K to 80 K. Rejection temperatures range from
20 K to 300 K. Mass flow rate amplitudes range from 1 g/s to 15 g/s. Mass flow phase
angles range from -30° to +30° relative to pressure. Multiple inclination angles θ, from 0°
to 180°, were studied. Net enthalpy flow and normalized cooling losses were calculated
and analyzed.
More studies, including both experiments and simulations, were conducted based
on a commercial PTC prototype. In the experiments, the cooling power of the PTC
prototype was measured at conditions where the driving power was either 400 W or 600
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W, the cold-end temperature was 77 K or 100 K, and the inclination angle ranged from 0°
to 180°.
In order to model the same prototype system in its entirety, a coupled 1D-CFD
model was developed. The coupled model models 1D-like components including inertance
tube and compliance tank using a reduced-order 1D formula. The 1D model was separately
compared with published experiments and a model in the literature and was shown to agree
with them. The cold head assembly, however, was modeled using CFD in order to resolve
its important multi-dimensional features. 1D and CFD models were coupled using ANSYS
UDFs. In this way, there was only one boundary condition, a pressure profile, which can
be measured in experiments. The coupled model is orders of magnitude faster than its
equivalent system-level models, because it models fewer components and does not require
small time steps to resolve pressure wave propagation in the inertance tube. Furthermore,
unlike the reduced-order models in SAGE [45] or the component-level model, the
boundary conditions required by the present model can be in terms of easily measured
parameters. No imposed calculated boundary condition is needed.
All the results were characterized in terms of a non-dimensional loss of net energy
flow and a non-dimensional pulse tube convection number. The results indicate that the
magnitude of cooling power loss decays exponentially with increasing pulse tube
convection number and orientation sensitivity is minimized by applying the design which
yields the highest laminar Reynolds number in the pulse tube. The reported relationship
that is displayed in Figure 35 and Figure 36, and is formulate in Equation 44 and Equation
45 can be used for scoping purpose when designing a PTC.

86

A notable disagreement between simulations and experiments was also noticed.
The predicted cooling performance by CFD model at unfavorable inclination angles is
usually better than the cooling performance in experiment for the same condition. The
experiment and the coupled 1D-CFD model were partially inspired by the early awareness
of the disagreement. Based on the developed coupled 1D-CFD model and the experimental
results, an investigation was performed to identify the potential causes of the disagreement
between simulation and experiment, which is discussed in the following chapter.
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CHAPTER 4:

INFLUENCE OF MINOR GEOMETRIC

FEATURES ON PULSE TUBE CRYOCOOLER PERFORMANCE

4.1.

Summary
When the results from component-level CFD simulations were compared with

experiments, it was found that the CFD simulation results were in most cases less sensitive
to the orientation of the PTC with respect to the gravitational vector. In order to further
investigate this discrepancy, the experiments described in Section 3.3. and the coupled 1DCFD simulations described in Section 3.4. were carried out. The results once again showed
that models were less sensitive to unfavorable orientation of the PTC than experiments.
Thus, when the PTC is positioned vertically with its the cold end pointing downward, the
cooling power by the coupled 1D-CFD agrees with experiment well. However, when the
PTC is positioned upside down, i.e., vertical with the cold head at top, the coupled 1DCFD model predicted higher cooling power in comparison with the corresponding
experiment.
The summarized results from Section 3.5.3 are now revisited. For convenience, the
results depicted earlier in Figure 36 is reproduced in the forthcoming Figure 37 which
shows the gathered results from external resources and Chapter 3 In this figure the solid
and crossed symbols represent CFD-generated and experimental data points, respectively.
Furthermore, the solid and dashed lines are the enveloping curves for the CFD-generated
and experimental data points, respectively. As note in Figure 37, CFD models generally
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show lower natural convective losses in comparison with experiments.. We hypothesize
that this disagreement is mainly due to the cumulative effect of small geometric features
that render the overall geometry of the system non-ideal. The effect of such minor

Figure 37. Normalized energy flow loss (Equation 22) vs. Pulse tube convection
number. Solid symbols – computational data points. Solid line – envelop curve for
computational data points. Cross symbols – experimental data points. Dashed line envelop curve for experimental data points.
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geometric features that exist in real cryocoolers and are usually neglected and not resolved
in CFD models are thus be examined.
Some minor geometric features or imperfections may exist in a PTC, either by
design or for manufacturing convenience, which are normally not resolved in CFD
simulations. Examples include tapered edges, small flow area changes, and small gaps in
the junctions between components. Resolving these features can be computationally
expensive and unnecessary in most industrial applications. However, due to the special and
complicated physics in PTC, these small features/imperfections can be important.
Therefore, in this chapter, a series of Computational Fluid Dynamic simulations based on
the prototypical PTC described in Section 3.3. will be presented and discussed. The CFD
simulations used the coupled 1D and CFD model described earlier in Section 3.4. The study
will focus on the most important conjunction, namely the conjunction between flow
straightener chamber and pulse tube, also indicated by Conrad et al. [88] as an important
feature in cryocoolers. Detailed CFD model predictions will be compared with the
experimental results in Section 3.5.2, and will be used to investigate the impact of such
apparently minor geometric imperfections on the performance of Stirling type pulse tube
cryocoolers. Predictions of cooling performance and gravity orientation sensitivity will
also be compared with experimental results obtained with the PTC prototype. The results,
it will be observed, indicate that minor geometry features in the cold tip assembly can have
considerable negative effects on the gravity orientation sensitivity of a pulse tube
cryocooler.

4.2.

Minor Geometric Features in PTC
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The CFD model in Section 3.4. made some simplification and neglected several
minor geometric features, such as small flow area changes due to manufacturing, micro
porous structure in the regenerator, and the structure of the flow channels in flow straighter.
Those CFD models and simulations can be considered as the reference cases for the
forthcoming models and simulations in this chapter.
4.2.1.

Minor Geometric Features Outside the Pulse Tube
Several components were modeled using homogeneous porous medium model in

the CFD model. Figure 38 shows the location of some of these simplified geometries in the
vertical cut plan of the CAD model of the PTC’s cold head. In the cold head, the regenerator
is located in the outer layer outside pulse tube and is made of stacked screens. In the CFD
model, the regenerator is modeled as a porous medium in which the microstructures in the
regenerator are not directly resolved. Similar to the regenerator, the flow straighteners
located at the top and bottom of the pulse tube are also made of stacked screens. They are
also modeled as a porous medium in the CFD simulation here. Any porous region that is
filled with porous medium is defined as porous zone in CFD models and are represented
by macroscopic volume-average type conservation and transport equations. Extra
resistance and additional heat transfer in the porous zone are calculated using relevant
correlations for porous media. Therefore, the microscopic and pore-level flow details in
porous structures are not resolved in our CFD model.
It is possible that more larger-scale unresolved flow details associated with the cold
heat exchanger. The cold heat exchanger is a copper block with small flow channels, as
shown in Figure 39. The fluid flows into the channels from the outer layer and converges
in the center region before entering the pulse tube. Fully resolving the structures and
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Figure 38. A vertical CAD cut view of the cold head assembly in the PTC. The
component, regenerator, flow straighteners and the flow channel in the cold heat
exchanger, were modeled as porous medium.
channels in the cold heat exchanger in a CFD model can be excessively computationally
expensive, while its 3-dimensional characteristics are impossible to be captured in a 2D
model. With the consideration that the same heat exchanger had been made with screens
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Figure 39. The CAD model of the flow straightener in the PTC. Helium flows
through the small channels.
or other porous medium in other prototypes, it can be a good approximation to model the
cold heat exchanger as a porous medium. Therefore, some jets and multi-dimensional flow
features that exist in the cold heat exchanger in the real PTC may not be resolved in the
CFD model.
Even though these flow features were probably not captured by the simplified CFD
model, it is unlikely that the effect of these features would persist in the pulse tube if proper
flow straighteners are used. The flow straighteners in this commercial PTC prototype were
carefully designed to eliminate the effect of multi-dimensional features outside pulse tube.
4.2.2.

Minor Geometric Features in the Pulse Tube
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While the simplifications outside the pulse tube may not result in deviations in the
prediction of cooling performance, those inside the pulse tube probably can. There are two
small flow area changes inside the pulse tube of the PTC that was tested and modeled.
Figure 40 shows these two areas in the vertical middle cut plane of the CAD model. These
flow area changes are caused by the shell of the pulse tube and are located at the two ends
of the pulse tube, indicated by the small red circles in Figure 40. The thickness of the pulse

Figure 40. A vertical CAD cut view of the cold head assembly in the PTC with
enlarged views showing the changes of flow area (in the red circles) due to edges
created by the pulse tube shell.
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tube shell is only 1/80 of the diameter of the pulse tube. The picture in the blue circle is the
enlarge view showing the small flow area change. There is a small gap between the edge
of the pulse tube shell and the adjacent flow straightener. The entire cold head assembly
was pressure fitted and, therefore, the size of the gap was not controlled during
manufacturing. In comparison with what is showed in Figure 40, in a real PTC, this feature
can be larger or smaller, or not even exist. What is more, the edges of the pulse tube shell
were rounded which is a common procedure in manufacturing. In the real PTC, the edges
are probably not rectangular, unlike the edges shown in Figure 40.
Other than the uncertainty associated with the exact geometry of the pulse tube shell,
dealing with the uncertainty about the exact geometry of the flow straightener is even more
complicated. Figure 41 is a picture of a real flow straightener. As shown in the picture of
the real flow straightener, brazing materials were used to anchor the mesh screen in the
flow straightener housing. The material blocks some pores. The thickness of this layer
where pores are completely or partially blocked is not uniform and generally varies from
one to three mesh pores. The mesh in the flow straightener is a number 80 mesh. Thus, the
thickness of the brazing material layer is comparable to the thickness of the pulse tube shell
itself.
As a result, the exact dimensions of the minor geometric features which exist in the
PTC prototype that was tested experimental are unknown. In the CFD model, these minor
geometric features were neglected because their dimensions were small and uncertain.
Normally, such a small approximation should not result in a significant modeling error in
common industrial applications. However, because the results in Chapter 3 indicated a
notable deviation between the CFD simulations and experiments, a series of parametric
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Figure 41. A picture of the flow straightener. The enlarged view shows that brazing
material blocks pores near the housing.
simulations related to these minor geometric features will be performed in this chapter in
order to investigate the effect of these minor geometric features in PTCs.

4.3.

Simulation Methodology and Parametric Study
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Figure 42. The geometry (bottom) that represents the changes of flow area and an
enlarged and exaggerated figure (top) showing the parameters that were studied.
The simulation in this chapter used the coupled 1D-CFD model that was developed
in Section 3.4. The only difference is that the aforementioned minor geometric features,
the change of flow area, was resolved in the geometry and the mesh density in those areas
was adjusted accordingly. Figure 42 shows the geometry and the parameters that were
studied in this part. A small diameter change, in the blue circle in Figure 42, was included
in the geometry to represent the change of flow area due to the minor geometric features.
The top part of Figure 42 is an enlarged and exaggerated figure showing the geometric
features in the blue circle. Because the exact dimensions of these features were unclear,
three geometric parameters were investigated in the following parametric study.
As illustrated in Figure 42, the effective flow diameter of flow straightener is
slightly larger than the diameter of the pulse tube, by quantity a which represents the
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change of flow area diameter. Furthermore, b represents the size of a gap between the flow
straightener and the edge created by the diameter change. As shown in the right side of the
exaggerated drawing in Figure 42, two shapes of the edge, sharp edge and round edge (r =
a/2), were be studied. This parameter evidently depends on whether the edge of the shell
of pulse tube was rounded. Other computational methodology details were the same as
those described in Section 3.4. The geometry in Section 3.4. is thus the “perfect” reference
and has 𝑎 = 0 and thus 𝑏 = 𝑟 = 0.
The diameter change, 𝑎, can be anywhere from 0 to 1/80 of the diameter of the
pulse tube, considering the combined effect of the shell pulse tube and the brazing material
in the flow straightener. The size of the gap, 𝑏, is unclear. But, according to the CAD model,
it is in the same order of magnitude as 𝑎. Therefore, in the parametric study, 𝑎 varies from
0 to 1/80 of the diameter of the pulse tube; 𝑏 varies from 0 to 1/160 of the diameter of the
pulse tube; and the magnitudes of 𝑟 are either 0 or 1/320 of the diameter of the pulse tube.
The cooling powers when the pulse is positioned vertically (0°), where no natural
convection is expected, or inverted (180°), where natural convection and cooling
deterioration are expected, will be calculated and compared for these geometries.

4.4.

Results

4.4.1.

Cooling Power
The calculated cooling powers of various geometries are presented in Table 4,

where 𝑎, 𝑏 and 𝑟 are normalized with the pulse tube diameter, 𝐷. The first line represents
the reference cases in Section 3.5.2 which have a “perfect” geometry that has no small
geometric feature. The predicted cooling powers for the perfect geometry when the PTC is
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at 0°and 180°are almost same. In the experiment, the cooling power of the PTC when it
is at 180°is much lower, however, and is about 22 W. Geometry 1 is the geometry in which
there is no gap between the flow straighteners and the ends of the pulse tube, the edge on
the pulse tube shell is rectangular, and there is no brazing material in the flow straighteners.
The predicted cooling powers in Geometry 1 at 0°is already much lower than the perfect
geometry and experiment, which indicates that the diameter change can create notable
disturbance and streaming in the pulse tube. Geometry 1 is also showing sharp sensitivity
to the orientation of gravity since the cooling power of geometry 1 at 180°is lower than it
is at 0°. Geometry 2 is similar to geometry 1 but with ½ of the diameter change. As the
diameter change is reduced, the cooling power is significantly improved. Nevertheless,
geometry 2 is still showing strong sensitivity to the orientation of gravitational force.
Geometry 3 is similar to geometry 2, except that it has rounded edges and is showing the
best cooling performance among the geometries that have minor geometric features. The
rounded edges also reduce the geometry’s sensitivity to the orientation with respect to
gravity. The predicted cooling power for Geometry 3 is actually close to the experimental
measurements. Geometry 4, geometry 5 and geometry 6 have additional differently sized
gaps between the flow straighteners and the ends of the pulse tubes based on geometry 3.
The gap has a negative impact on the cooling performance of the PTC. A larger gap has a
smaller negative effect, which is probably because the flow has more space to develop in
the large gap and therefore creates less disturbance.
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Even though the dimensions of the minor geometric features are very small, they
make very significant differences with respect to the PTC cooling performance. In general,
the diameter change can have a very significant negative effect to the cooling performance
and increases the sensitivity of the PTC to misalignment with respect to gravity. Rounding
or tapering the edge improve the cooling performance and also reduce the sensitivity to
misalignment with respect to gravity. Having a gap between the flow straightener and the
edge reduces the cooling performance of the PTC. It appears that larger gaps may cause
negative impacts on the cooling performance, however. The effect of minor geometric
features is more significant when the cooler is positioned inverted and nature convection
is already occurring in the pulse tube. The predicted cooling performances of these
geometries underscore the detrimental effect of off-design geometric features, in particular
when a number of such off-design features are present concurrently.
Table 4. CFD calculated cooling power for geometries having different diameter
change (𝑎), gap size (𝑏), edge shape (𝑟) and inclination angle. The first line is the case
that has no small geometric feature in the geometry. The aspect ratio of pulse tube,
𝐿/𝐷, is 3.4.
𝑎/𝐷

𝑏/𝐷

𝑟/𝐷

Cooling power (W)
At 0°

At 180°

Perfect

0

0

0

30.57

31.18

Geo 1

1/80

0

0

8.98

1.88

Geo 2

1/160

0

0

22.60

3.58

Geo 3

1/160

0

1/320

29.54

25.97

Geo 4

1/160

1/640

1/320

11.75

4.29

Geo 5

1/160

1/320

1/320

17.88

4.78

Geo 6

1/160

1/160

1/320

19.05

7.50
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4.4.2.

Flow Field and Streaming Effect
Figure 43 shows the temperature contours of two geometries at 180°. The upper

figure has a perfect geometry, while the lower figure is related to geometry 2 which has a
diameter change in the conjunction between pulse tube and flow straightener. It can be
observed that this minor geometric feature leads to very significant chaos and mixing in
the pulse tube.
Streaming effects can be noticed in Figure 44, Figure 45, Figure 46 and Figure 47
which show the temperature distribution in geometry 3 at 0°. These figures show how the
flow field evolves in a full cycle. The interval between two adjacent pictures is 1/16 of the
cycle period. Figure 44, Figure 45, Figure 46 and Figure 47 show the first quarter, the
second quarter, the third quarter, and the last quarter of the cycle, respectively. The drawn
black line at the warm end shows an approximately isothermal surface that indicates the
streaming effect caused by minor geometric features. Note that this is just an approximation
because the accurate iso-surface line was not record in the simulation.

Figure 43. Comparison of the temperature distributions between perfect geometry
(upper figure, 𝑎/𝐷 = 0, 𝑏/𝐷 = 0 and 𝑟/𝐷 = 0) and imperfect geometry 2 (lower
figure, 𝑎/𝐷 = 1/160, 𝑏/𝐷 = 0 and 𝑟/𝐷 = 0)) at 180°. Color bar has units of degrees
Kelvin (K).
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Figure 44. Temperature distribution in geometry 3 (𝑎/𝐷 = 1/160, 𝑏/𝐷 =
0 and 𝑟/𝐷 = 1/320) in the first quarter of a full cycle. The drawn black line at the
warm end shows an approximately isothermal surface that indicates the streaming
effect caused by minor geometric features. Color bar has units of degrees Kelvin (K).

Figure 45. Temperature distribution in geometry 3 (𝑎/𝐷 = 1/160, 𝑏/𝐷 =
0 and 𝑟/𝐷 = 1/320) in the second quarter of a full cycle. The drawn black line at
the warm end shows an approximately isothermal surface that indicates the streaming
effect caused by minor geometric features. Color bar has units of degrees Kelvin (K).
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Figure 46. Temperature distribution in geometry 3 (𝑎/𝐷 = 1/160, 𝑏/𝐷 =
0 and 𝑟/𝐷 = 1/320) in the third quarter of a full cycle. The drawn black line at the
warm end shows an approximately isothermal surface that indicates the streaming
effect caused by minor geometric features. Color bar has units of degrees Kelvin (K).

Figure 47. Temperature distribution in geometry 3 (𝑎/𝐷 = 1/160, 𝑏/𝐷 =
0 and 𝑟/𝐷 = 1/320) in the fourth quarter of a full cycle. The drawn black line at the
warm end shows an approximately isothermal surface that indicates the streaming
effect caused by minor geometric features. Color bar has units of degrees Kelvin (K).
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As shown in Figure 44, in the first quarter of the cycle, the fluid was almost
stagnant, and the iso-surface was approximately flat. In Figure 45, the second quarter of
the cycle, the fluid started to move, and a small stream was created. The thin layer of warm
fluid near the top-right pulse tube wall moves at a higher velocity than the remainder parts
and forms a small stream. In Figure 46, the third part of the cycle, the fluid started to
decelerate. But the stream traveled further into the middle region of the pulse tube and
started to curve toward the central axis. In Figure 47, the fourth quarter of the cycle, the
fluid moved back to the warm end. The warm stream mixed with nearby fluid and
disappeared.
Similar streaming effect also exists in the cold end. As shown in Figure 48, the
steaming effect creates two local circulations which mix the fluid in either the warm end
or the cold end. The warn fluid and the cold fluid did not mix directly since the streaming
effect was not strong enough. The center part of the pulse tube is acting as a barrier and
showing a strong temperature gradient. As a result, the cooling loss in this case, geometry
3 at 0°, is not significant. For other cases which have large diameter changes or shape
edges, the streaming effect can lead to direct mixing between the warm fluid and cold fluid,
and that can result in significant cooling loss.

Figure 48. The streaming effects caused by minor geometric features create two
internal local circulation.
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The underlying mechanism behind the streaming effect caused by minor geometric
features is similar to the mechanism behind Ryleigh streaming introduce in Section 2.4.
The fluid near the edge can experience different resistances while flowing from left to right
and from right to left. However, the fluid in the center of the pulse tube experience the
same resistance no matter which direction it is flowing. Therefore, the unbalanced force
eventually results in local circulation inside the pulse tube.

4.5.

Concluding Remarks
In Chapter 3, a discrepancy between CFD simulation and experiment was noticed.

CFD models were found to be generally less sensitive to misalignment with respect to
gravitational force, in comparison with experiments. In this chapter, the possible causes
were discussed. A careful review of the results showed that the difference between
experimentally measured and CFD-calculated performance parameters can be due to the
combined effect of some seemingly minor off-design geometric features or imperfections
that were not resolved in CFD. One specific feature, namely a diameter change in the
junction between a flow straightener chamber and pulse tube, was identified, and was
parametrically studied. The results indicated that the cooling performance of the PTC was
actually very sensitive to this and other seemingly minor geometric features. The effect of
the three parameters, the size of diameter change, roundedness of the edge, and the size of
the gap between flow straightener and pulse tube shell (quantity 𝑏 in Figure 42), can be
concluded as follow.
1) The diameter change can have a very significant negative effect on the
cooling performance and increases the sensitivity of the PTC to
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misalignment with respect to gravity. Larger diameter change causes more
cooling deterioration.
2) Having a gap between the flow straightener and the edge reduces the
cooling performance of the PTC. But larger gaps can cause smaller negative
effects.
3) Rounding or tapering the edge help improving the cooling performance and
also reduce the sensitivity to misalignment with respect to gravity.
4) The effect of the minor off-design geometric features is more significant
when the cooler is positioned inverted and nature convection is already
occurring in the pulse tube.
These and other often-neglected off-design minor geometric features create
unbalanced force while the nearby fluid flows back and forth and consequently result in
streaming effects. The streaming effect eventually results in local circulation and lower
cooling performance of the PTC.
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CHAPTER 5:

5.1.

INFLUENCE OF PERIODIC MOTIONS

Summary
In Chapter 3, we have studied the effect of the orientation with respect to the

gravitational force on the performance of PTCs. It was found that some PTCs are sensitivity
to the orientation of gravity. When the PTC is not installed vertically with its cold end
down, it may experience significate reduction of cooling power. The reason is that
convection can occur in pulse tubes because of strong density gradient, when the pulse tube
is misaligned with respect to gravity. There are other types of off-design configurations
and conditions that a PTC may experience, among them periodic motion of the cryocooler
itself, and the consequent periodic acceleration. In this chapter, the possible effects of some
periodical motions and accelerations are investigated.
Cryocoolers can experience near-periodic heaving or side-to-side motion and
acceleration in some applications, in particular on moving platforms, such as boats,
vehicles and aircraft. In this part of the thesis, we report on an experimental study of the
effect of periodic heaving (up-and-down) and rolling (side-to-side) movements on a
Stirling pulse tube cryocooler. Most hardware, including the PTC, that were used in this
investigation were essentially the same as those described in Section 3.3. In order to
simulate the periodical motions, a three-degrees-of-freedom (3dof) motion platform was
designed and built. A newly designed vacuum system was used to reduce the total weight
so that the system and the PTC could be installed in the 3dof motion platform. The effects
of the periodic movements on the cooling performance of the PTC were studied
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parametrically. The parameters of interest included the type, the frequency and the
amplitude of the motion.

5.2.

Experimental Setup

5.2.1.

Motion Platform
In the three-dimensional world, there are six degrees of freedom for the movements

of a rigid body. As shown in Figure 49, the six degrees include three translational degrees
and three rotational degrees. The translational movements are surge (moving forward and
backward on the X-axis), sway (moving left and right on the Y-axis), and heave (moving
up and down on the Z-axis). The rotational movements are roll (tilting side to side on the
X-axis), pitch (tilting forward and backward on the Y-axis), and yaw (turning left and right
on the Z-axis). Heaving, rolling and pitching movements are more common in moving

Figure 49. Six degrees of freedom of the movement of a rigid body in threedimensional world.
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platforms than surging, swaying and yawing movements. Therefore, a three-degrees-offreedom motion platform which can simulate heaving, rolling and pitching movements was
designed and built for the experiments described in this part of the thesis.
Figure 50 shows the CAD model of the 3dof motion platform that was designed.
The motion platform can simulate heaving, rolling and pitching motions. These motions
are generated using three gear motors. The motors can run up to 60 rpm. The cranks that
are attached to the shafts of the motors are 15.2 cm (6 inches) long. Therefore, the motion
that can be generated by an individual motor can have an amplitude up to 30.5 cm (12

Figure 50. The CAD model of the motion platform.
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Figure 51. The 3dof motion platform (bottom) and the vacuum chamber (top) installed
on it.
inches) and a maximum frequency more than 1 Hz. The maximum frequency of the
periodic motion that can be generated depends on the amplitude of the motion. Higher
frequency is possible for smaller amplitude. The maximum frequency is 1 Hz when the
amplitude is 12 inches.
Figure 51 shows the 3dof motion platform that was built. The gear motors are
powered by two 1200 W DC power supplies. The motor drivers are two Sabertooth 2x32A.
An Arduino micro single-board controller was used to control the motors. A computer
program was also developed for controlling the motion platform (see APENDIX D).
5.2.2.

Vacuum System and PTC
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The vacuum chamber used in Chapter 3 is large and heavy. Therefore, a smaller
and lighter vacuum chamber was designed in order to meet the low weight requirement of
the 3dof motion platform. Figure 52 shows the entire test section. The 3dof motion platform
is located at the bottom. The small vacuum chamber and the same PTC that was tested in
Chapter 3 were installed on the top of the motion platform. The vacuum chamber is a fourway chamber which has four Del-Seal CF 15.2 cm (6 inch) flanges. The flange on the top
was used to install the PTC. The flange on the right-side was used to install the necessary
wires for sensors and heaters that were installed on the PTC’s cold head. The flange on the
left-side was used to connect to the vacuum pump system which was mentioned in Section

Figure 52. Full test section including the 3dof motion platform (bottom), the vacuum
chamber (middle) and the PTC (top).
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3.3. The last flange on the bottom was used to install a releasing valve that can release air
into the vacuum chamber when needed.
5.2.3.

Motions and Parameters
The 3dof motion platform can simulate any combination of three simple and basic

movements, heave, roll and pitch. Rolling and pitching movements are essentially the same

Figure 53. Heaving movement.

Figure 54. Rolling movement.
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for a cylindrical body like the PTC’s cold head. Therefore, in these experiments only two
types of simple movements, heave and roll, were tested. Figure 53 and Figure 54 represent
heaving movement and rolling movement, respectively. The heaving movement is
basically an up-and-down movement. The rolling movement is a side-by-side movement.
A coordinate system and some parameters were identified to quantify the simulated
movements in this study. Figure 55 shows the coordinate system and the parameters. The
cold head of the PTC is where convection and streaming occur. Therefore, the movement
of the cold head rather than other parts of the PTC is the most important. The cold head is
located inside and close to the top flange of the vacuum chamber. The rolling movement
is based on an origin located at the center of the horizontal structural steel where the
vacuum chamber was installed and right below the cold head. Therefore, the coordinate
system was constructed based on the origin of the rolling movement. In the coordinate
system, the x-axis is horizontal and pointing to the right, and the y-axis is vertical and
pointing upwards. The only parameter in heaving motion is the displacement amplitude
which is represented by 𝛥𝑦. Similarly, Figure 56 shows the coordinate system and the
parameters that were used to quantify the rolling movement. The coordinate system is
exactly as the one used in the heaving movement. The angular displacement amplitude in
rolling movement is represented by 𝛥𝜃. The cold head is located on y-axis, at a distance of
𝐻 above the origin.
In the experiments, the displacement of the heaving movement varied from 4 cm to
30 cm; the frequencies in the heaving movement experiments were 0.2 Hz, 0.4 Hz, 0.6 Hz
and 0.8 Hz; the angular amplitude of the rolling movement varied from 7°to 34°; and the
frequencies in the rolling movement tests were 0.2 Hz, 0.4 Hz, 0.6 Hz and 0.8 Hz.
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Figure 55.Coordinate system and parameters in heaving motions.

Figure 56. Coordinate system and parameters in rolling motions.
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5.3.

Results
The cooling performance of the PTC was measured while it was experiencing

heaving and rolling movements. The frequency and the displacement of the movement
were varied. The PTC was tested at two positions, vertical with the cold-end pointing down
(no nature convection was expected in the pulse tube) and upside-down (nature convection
and cooling deterioration were expected). It needs to be noted that in the movements that
were simulated in this study, the accelerations due to the movements that the PTC
experienced were much lower than gravitational acceleration.
Figure 57 displays the effect of heaving motions on the cooling performance of the
PTC while the PTC is installed vertically with the cold end pointing downward. The x-axis
is the displacement of the heaving movement and the y-axis shows the measured cooling
power. The error bar represents the amplitude of fluctuation of the measured cooling
power. The measured cooling power remained almost consistently at 39 W, no matter what
amplitude and frequency the motion is at. It can be inferred that, when the PTC is
positioned vertically, heaving motion does not have a notable influence on the performance
of PTC because the acceleration caused by the heaving movement in this experiment is
much lower than gravitational acceleration. Any convection and disturbance that can be
generated by these low accelerations were suppressed by gravity.
Figure 58 shows the cooling performance of the PTC when it was installed
vertically with the cold end pointing down and experiencing rolling movements. In the
figure, the x-axis is the angular amplitude of the rolling movement, and the y-axis is the
measured cooling power. The error bar represents the amplitude of fluctuation of the
measured cooling power. The cooling power shows minor deteriorations when either the
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Figure 57. Cooling power of the PTC in heaving motions while the PTC is installed
vertically with its cold end down vs. displacement amplitude. The error bar indicates
the fluctuation of the cooling power.
frequency or the angular amplitude increases. Comparing with heaving motion, more
fluctuation in the cooling power was also observed here. However, the influence of rolling
movements was still less than about 2%.
When the PTC is installed upside down, cooling losses due to convection of helium
in the pulse tube were observed in Chapter 3. It was found that the heaving and rolling
motions have more effect while the flow inside the pulse tube is not stable. Figure 59 shows
the cooling performance of the PTC when it was installed upside-down and was
experiencing heaving movements. The x-axis is the displacement of the heaving movement
and the y-axis is the measured cooling power. The error bar represents the amplitude of
fluctuations of the measured cooling power. The frequency was up to 0.6 Hz which was
the highest frequency that could be safely achieved with the setup. The cooling power drops
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Figure 58. Cooling power of the PTC in rolling motions while the PTC is installed
vertically with its cold end down vs. angular amplitude. The error bar indicates the
fluctuation of the cooling power.
when the frequency of the motion increases. The maximum drop of cooling power is about
5% for this case. There are also more fluctuations in comparison with Figure 57, when the
PTC was installed vertically with the cold end pointing down. The displacement also
exerted a negative influence on the cooling power which is weaker than the influence of
frequency.
Figure 60 shows the cooling performance of the PTC when it was installed upsidedown and experienced rolling movements. The x-axis represents the angular amplitude of
the rolling movement, and the y-axis is the measured cooling power. The error bar
represents the amplitude of fluctuation of the measured cooling power. Both frequency and
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angular displacement showed notable negative effects on the cooling performance. The
maximum drop of cooling power was almost 10%. Moreover, notably larger fluctuation of
cooling power, up to 15% of the total cooling power, can be noticed in this case. Similar
to the vertical position with the cold end pointing down, rolling movement had more
influence on the PTC than heaving movement.
When the PTC is installed upside down, natural convection can occur in the pulse
tube. The heaving and rolling movements strengthen the convection and result in notable
cooling deterioration, even though the additional periodic acceleration from the
movements are much smaller than the gravitational acceleration.

Figure 59. Cooling power of the PTC in heaving motions while the PTC is upside
down vs. displacement amplitude. The error bar indicates the fluctuation of the
cooling power.
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Figure 60. Cooling power of the PTC in roll movements while the PTC is upside
down vs. angular amplitude. The error bar indicates the fluctuation of the cooling
power.

5.4.

Concluding Remarks
Cryocoolers can experience near-periodic heaving or side-to-side motion and

acceleration in some applications, in particular on moving platforms. In this part of the
thesis, the influence of some periodic motions on the cooling performance of the previously
tested PTC was studied experimentally. A 3dof motion platform was designed and
constructed. Two types of motions, heave (up-and-down) and roll (side-by-side), were
simulated using the developed 3dof motion platform. A small vacuum system was designed
to meet the low weight requirement of the motion platform. The PTC was tested at two
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different positions, vertical with the cold end pointing down (no natural convection in the
pulse tube) and inverted (natural convection occurs in the pulse tube).
When the PTC is at vertical position with the cold end pointing down, heaving
movement had no measurable influence on its performance. Rolling movement caused
more fluctuation and less than 2% drop in the cooling power of the tested PTC. Thus, in
general, the PTC experienced almost no effect from heaving and rolling motions when it
was installed vertically with the cold end pointing down. Gravity could suppress the
disturbance caused by these motions within the parameter ranges studied in these
experiments.
When the PTC was at inverted, upside-down position, it presented more sensitivity
to periodic motions. Heaving motion and rolling motion resulted in 5% and 10% maximum
drops in the cooling power, respectively. Rolling motion also caused larger fluctuation,
with amplitudes about 15% of the cooling power. Both the frequency and the
amplitude/displacement of the motions had notable negative effects on the performance of
the PTC.
It needs to be noted that the movements studied in this part of the thesis were not
intense movements. The maximum displacement was less than 20 cm and the maximum
frequency was 0.8 Hz. In some applications, such as on-boat applications, a PTC can
experience much stronger and faster movements. If the PTC is installed at optimal position,
i.e., vertical position with the cold end pointing down, the movements may not have notable
effects. However, if the PTC is not installed at optimal position and is therefore susceptible
to convection occurring in the pulse tube, the movements can result in strong fluctuations
and significant drops of their the cooling power.
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CHAPTER 6:

A SECOND LAW STUDY OF THE

REGENERATORS IN CRYOCOOLERS BASED ON PORE-

LEVEL ENTROPY GENERATION

6.1.

Summary
Regenerators are key components of regenerative cryocoolers. The losses in

regenerators have a significant effect on the performance of cryocoolers. In previous
studies, the efficiency of regenerators has been characterized mostly based on the first law
of thermodynamics, and second-law analyses have been based on exergy considerations or
irreversibility associated with macroscopic flow models. In this part of the thesis, the
entropy generation in regenerators was investigated based on a semi-analytical model and
detailed pore-level simulations. Computational Fluid Dynamics (CFD) simulations were
used to model two-dimensional regenerator geometries and examine the microscopic flow
and heat transfer phenomena that cause irreversibility. A CFD approach and a volume
averaging semi-analytical method were developed to analyze the entropy generation on the
pore level. A modified Bejan number (𝑅𝑒𝑐𝑜𝑛𝑣 ) and a Performance Evaluation Factor (PEF)
were proposed as indicators for the level of entropy generation in regenerators. The
predicted entropy generation rates at various Reynolds numbers and geometric dimensions
were analyzed. The results indicate that the proposed semi-analytical approach can be a
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convenient alternative to CFD simulations when empirical data of convective heat transfer
and friction factor are available. The analysis of entropy generation using 𝑅𝑒𝑐𝑜𝑛𝑣 and 𝑃𝐸𝐹
can be applied to minimize the irreversibility in regenerators.

6.2.

Entropy Generation in a Porous Matrix
The instantaneous volumetric entropy generation rate in a fluid has two parts: 1)

̇ ′′′
̇ ′′′
due to heat transfer, 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
; and 2) due to viscous dissipation, 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
. Therefore,
̇ ′′′ = 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
̇ ′′′
̇ ′′′
𝑆𝑔𝑒𝑛
+ 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠

(46)

̇ ′′′
̇ ′′′
The terms 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
𝑎𝑛𝑑 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
in a 2D Cartesian system can be expressed as:
̇ ′′′
𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
=

𝑘 𝜕𝑇 2
𝜕𝑇 2
[( ) + ( ) ]
𝑇 2 𝜕𝑥
𝜕𝑦
2

̇ ′′′
𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
=

(47)
2

𝜕𝑣𝑦
𝜇
𝜕𝑣𝑥 2
𝜕𝑣𝑥 𝜕𝑣𝑦
) +(
{2 [(
) ]+(
+
) }
𝑇
𝜕𝑥
𝜕𝑦
𝜕𝑦
𝜕𝑥

(48)

where 𝑘 is the thermal conductivity, 𝑇 is the local temperature, 𝜇 is the dynamic viscosity,
and 𝑣 is the velocity.
Equation 46, 47 and 48 can be implemented in Computational Fluid Dynamic
(CFD) models but cannot be directly used in volume-averaging methods. Therefore, an
approximate analytical form that can be used in volume-averaging methods is derived here.
Figure 61 presents a 2D control volume in a regenerator which is filled with a
porous material. The porosity of the porous material is 𝜑, and Δ𝑥 and Δ𝑦 are the width
and height of the control volume, respectively. The main flow is in x-direction with a free
stream velocity equal to 𝑈∞ . The intrinsic velocity of the fluid inside the porous medium
is therefore 𝑈𝑓 = 𝑈∞ /𝜑. The conductive heat flux due to the x-directional temperature
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Figure 61. The control volume in a regenerator.
′′
gradient 𝑑𝑇/𝑑𝑥 in the regenerator is 𝑞𝑐𝑜𝑛𝑑
. Furthermore, ℎ𝑖𝑛 , 𝑠𝑖𝑛 , 𝑃𝑖𝑛 , and 𝑇𝑖𝑛 are the

specific enthalpy, specific entropy, dynamic pressure, and temperature of the upstream
fluid, respectively. Parameters ℎ𝑜𝑢𝑡 , 𝑠𝑜𝑢𝑡 , 𝑃𝑜𝑢𝑡 , and 𝑇𝑜𝑢𝑡 are the specific enthalpy, specific
entropy, dynamic pressure, and temperature of the downstream fluid, respectively.

6.3.

Semi-Analytical Calculation of Entropy Generation
We proceed by making the following approximations and assumptions: 1) real gas

effect is negligible; 2) the porous material in the control volume is represented with a
uniform temperature 𝑇𝑤 ; 3) the temperature and properties of the fluid inside the control
volume are uniform; 4) the difference of temperature between solid and fluid is small
compared with the absolute temperature of the fluid; 5) convective heat exchange rate is
uniformly distributed on the solid-fluid interface.
The heat transfer contribution to entropy generation is separated into two parts:
̇ ′′′
̇ ′′′
̇ ′′′
𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
= 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
+ 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
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(49)

̇ ′′′
̇ ′′′
where 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
is the entropy generation due to axial conduction, and 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
is the
entropy generation due to convection. If the conductive heat flux due to axial conduction,
′′
̇
𝑞𝑐𝑜𝑛𝑑
, is known, then 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
can be calculated from:

′′
̇
𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
= 𝑞𝑐𝑜𝑛𝑑
Δ𝑦|

1
1
𝑑𝑇
𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡
−
| = 𝑘𝑒𝑓𝑓
Δ𝑦|
|
𝑇𝑜𝑢𝑡 𝑇𝑖𝑛
𝑑𝑥
𝑇𝑜𝑢𝑡 𝑇𝑖𝑛

(50)

where 𝑘𝑒𝑓𝑓 is the effective thermal conductivity of the regenerator. Noticing that 𝑇𝑜𝑢𝑡 −
𝑑𝑇
𝑇𝑖𝑛 = Δ𝑥 𝑑𝑥 and 𝑇𝑜𝑢𝑡 ≈ 𝑇𝑖𝑛 ≈ 𝑇̅𝑓 , where 𝑇̅𝑓 is the average temperature of the fluid,

Equation 50 can be recast as:
̇
𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
≈ 𝑘𝑒𝑓𝑓 (

𝑑𝑇 2
2
) ΔxΔ𝑦/𝑇̅𝑓
𝑑𝑥

(51)

Therefore, the volumetric entropy generation rate due to conduction is:
𝑑𝑇
2
̇ ′′′
𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
≈ 𝑘𝑒𝑓𝑓 ( )2 /𝑇̅𝑓
𝑑𝑥

(52)

The rate of entropy generation rates due to convection and viscous dissipation are
given by:
̇
̇
̇
𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
= 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
+ 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
= 𝑚̇𝑠𝑜𝑢𝑡 − 𝑚̇𝑠𝑖𝑛 − ∬
𝐴

𝑞𝐴′′
𝑑𝐴
𝑇𝑤

(53)

̇
̇
where 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
and 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
are the entropy generation rates due to convection and viscous
dissipation, respectively, 𝑚̇ is the mass flow rate of the fluid through the control volume,
𝐴 is the wetted surface of the solid porous material in the control volume, and 𝑞𝐴′′ is the
heat flux on the wetted surface of the solid. The first law also applies to the same system
as:
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𝑚̇ℎ𝑖𝑛 + ∬ 𝑞𝐴′′ 𝑑𝐴 − 𝑚̇ℎ𝑜𝑢𝑡 = 0

(54)

𝐴

The thermodynamic second 𝑇𝑑𝑠 relation leads to:
ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛 ≈ 𝑇̅𝑓 (𝑠𝑜𝑢𝑡 − 𝑠𝑖𝑛 ) +

1
(𝑃 − 𝑃𝑖𝑛 )
𝜌𝑓 𝑜𝑢𝑡
̅̅̅

(55)

where ̅̅̅
𝜌𝑓 is the average density of the fluid. Combining Equation 53, 54 and 55, we get:
1
1
𝑚̇
̇
(𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛 )
𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
= ∬ 𝑞 ′′ ( − ) 𝑑𝐴 −
𝑇̅𝑓 𝑇𝑤
𝑇̅𝑓 ̅̅̅̅
𝜌𝑓

(56)

𝐴

Assuming that the fluid temperature and solid temperature are uniform in the control
volume, Equation 56 can be recast as:
1
1
𝑚̇
̇
(𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛 )
𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
= ( − ) ∬ 𝑞 ′′ 𝑑𝐴 −
𝑇̅𝑓 𝑇𝑤
𝑇̅𝑓 ̅̅̅̅
𝜌𝑓

(57)

𝐴

Noticing that 𝜌𝑖𝑛 ≈ 𝜌𝑜𝑢𝑡 ≈ ̅̅̅,
𝜌𝑓 then the mass flow rate can be expressed as:
𝑚̇ = Δ𝑦 ̅̅̅̅𝑈
𝜌𝑓 ∞

(58)

The heat transfer rate due to convection can also be calculated from:
∬ 𝑞 ′′ 𝑑𝐴 = ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 𝐴(𝑇𝑤 − 𝑇̅𝑓 )

(59)

𝐴

where ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 is the average convective heat transfer coefficient. Conservation of energy
also applies to the control volume:

∬ 𝑞 ′′ 𝑑𝐴 = 𝑚̇𝐶𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛 ) = 𝑚̇𝐶𝑝 Δ𝑥
𝐴
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𝑑𝑇
𝑑𝑥

(60)

where 𝐶𝑝 is the thermal capacity of the fluid. Combining Equation 56 through 60 and
noticing that 𝑇𝑤 ≈ 𝑇̅𝑓 , the instantaneous volumetric entropy generation rate due to
convection will be:

̇ ′′′
𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤

=

𝑑𝑇 2
)
𝜌𝑓 𝑑𝑃
𝑑𝑥 + 𝑈∞ ̅̅̅̅
2
̅̅̅̅̅̅̅
𝑇̅𝑓 𝑑𝑥
ℎ𝑐𝑜𝑛𝑣 𝑇̅𝑓 Ω

(𝑈∞ ̅̅̅̅𝐶
𝜌𝑓 𝑝

(61)

where Ω is the wetted solid surface area per unit volume, 𝐴/Δ𝑥Δ𝑦. The first term on the
right side of this equation represents the rate of entropy generation caused by convective
̇ ′′′
heat transfer, 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
, while the second term represents the rate of entropy generation
̇ ′′′ . To solve Equation 61, the properties of the fluid,
caused by viscous dissipation, 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
convective heat transfer coefficient, ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 , and pressure drop per unit length, 𝑑𝑃/𝑑𝑥 are
required. In general, ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 and 𝑑𝑃/𝑑𝑥 can be obtained from empirical correlations.
Equation 61 is the instantaneous form which can be solved using time-advancing
finite difference computational tools, such as REGEN [64]. But for quick design
calculation, the cycle-average form is needed, which can be calculated by integrating
Equation 61:
1/𝑓

̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
>= 𝑓 ∫
0

𝑑𝑇 2
)
𝜌𝑓 𝑑𝑃
𝑑𝑥 + 𝑈∞ ̅̅̅̅
[
] 𝑑𝑡
2
̅̅̅̅̅̅̅
𝑇̅𝑓 𝑑𝑥
ℎ𝑐𝑜𝑛𝑣 𝑇̅𝑓 Ω
(𝑈∞ ̅̅̅̅𝐶
𝜌𝑓 𝑝

(62)

where 𝑓 is the frequency of the flow oscillation. Assuming 𝑈∞ 𝑎𝑛𝑑 𝑑𝑃/𝑑𝑥 are sinusoidal,
and ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 and other variables are constants, Equation 62 can be expressed as:
̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
>=

𝑑𝑇 2
)
𝜌𝑓 𝑑𝑃
𝑑𝑥 + 𝑈∞,𝑚𝑎𝑥 ̅̅̅̅
( )
𝑑𝑥 𝑚𝑎𝑥
̅̅̅̅̅̅̅
2𝑇̅𝑓
̅2
2ℎ
𝑐𝑜𝑛𝑣 𝑇𝑓 Ω

(𝑈∞,𝑚𝑎𝑥 ̅̅̅̅𝐶
𝜌𝑓 𝑝
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(63)

where 𝑈∞,𝑚𝑎𝑥 is the amplitude of free stream velocity, and (𝑑𝑃/𝑑𝑥)𝑚𝑎𝑥 is the amplitude
of pressure gradient. Equation 63 is evidently approximate and may require empirical
adjustments, therefore let us introduce two empirical coefficients, whereby:

̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑓𝑙𝑜𝑤
>= 𝛼

𝑑𝑇 2
)
𝜌𝑓 𝑑𝑃
𝑑𝑥 + 𝛽 𝑈∞,𝑚𝑎𝑥 ̅̅̅̅
𝑑𝑥 𝑚𝑎𝑥
̅̅̅̅̅̅̅
2𝑇̅𝑓
̅2
2ℎ
𝑐𝑜𝑛𝑣 𝑇𝑓 Ω

(𝑈∞,𝑚𝑎𝑥 ̅̅̅̅𝐶
𝜌𝑓 𝑝

(64)

where 𝛼 and 𝛽 are empirical correction factors. The result from the CFD simulations in
this research indicated that 𝛼 = 1 and 𝛽 = 2. The total cycle-averaged entropy generation
rate thus has three parts:
̇ ′′′ >=< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
̇ ′′′
̇ ′′′
̇ ′′′
< 𝑆𝑔𝑒𝑛
> +< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> +< 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>

(65)

̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
> is the cycle-averaged entropy generation rate due to axial conduction and
can be calculated as:
̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
>= 𝑘𝑒𝑓𝑓 (

𝑑𝑇 2 2
) /𝑇̅𝑓
𝑑𝑥

(66)

̇ ′′′
The term < 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> is the cycle-averaged entropy generation rate due to convection
and can be calculated as:

<

̇ ′′′
𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣

>= 𝛼

𝑑𝑇 2
)
𝑑𝑥
2
̅̅̅̅̅̅̅
̅
2ℎ
𝑐𝑜𝑛𝑣 𝑇𝑓 Ω

(𝑈∞,𝑚𝑎𝑥 ̅̅̅̅𝐶
𝜌𝑓 𝑝

(67)

̇ ′′′
The term < 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
> is the cycle-averaged entropy generation rate due to viscous
dissipation and can be calculated as:
̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>= 𝛽

6.4.

𝑈∞,𝑚𝑎𝑥 ̅̅̅̅
𝜌𝑓 𝑑𝑃
𝑑𝑥 𝑚𝑎𝑥
2𝑇̅𝑓

CFD Model
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(68)

Pore-level CFD simulation is another approach for analyzing the entropy
generation in regenerators. Compared with the analytical approximation described in the
previous section, CFD simulations are more accurate but also more time-consuming. In
this part of the thesis, ANSYS FLUENT is used for the development of the pore-level CFD
model. Equation 47 and 48 were implemented using User Defined Functions. As shown in
Figure 62, the computational domain is a 2D straight channel with staggered parallel
cylinders. A specific temperature gradient from the warm end to the cold end was defined
for the cylinders in the simulations. Symmetric boundary conditions were used for the top
and bottom boundaries. An oscillating mass flow boundary was defined at the warm end
and a pressure boundary was defined at the cold end. The regions near the inlet and the
outlet are the buffer zones which were created to improve the convergence performance.

Figure 62. The 2D computational domain and boundary conditions in the CFD
simulations.

Figure 63. The geometric parameters that were studied.
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Energy source terms were defined in the buffer zones so that the fluid leaving the buffer
zones has the desired warm end or cold end temperature.
Figure 63 shows the definitions of geometric parameters, where 𝐷 is the diameter
of the cylinders, 𝑆𝐿 is the horizontal distance between the cylindrical columns, and 𝑆𝑇 is
the vertical distance between two cylinders in the same column. In this research, the relative
distances between the cylinders were kept constant as 𝑆𝑇 = 2𝑆𝐿 = 2𝐷. The geometry was
thus scaled without changing the relative distances between cylinders.

6.5.

Evaluating the Performance of a Regenerator in Terms of
Entropy Generation
Theoretically, if the entropy generation in the generator is minimized, the

associated losses will also be minimized. Two criteria are proposed here to evaluate the
performance of a regenerator. The first criterion is a slightly modified Bejan number:
𝐵𝑒𝑐𝑜𝑛𝑣

̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
>
=
̇ ′′′
̇ ′′′
< 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> +< 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>

(69)

The original Bejan number is the ratio of entropy generation rate due to heat
̇ ′′′
̇ ′′′ >, where <
transfer, < 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
>, divided by the total entropy generation rate, < 𝑆𝑔𝑒𝑛
̇ ′′′
𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
> is the combination of entropy generation from conduction and convection, as
follow.
̇ ′′′
< 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
>
𝐵𝑒 =
̇ ′′′
̇ ′′′
< 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
> +< 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>
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(70)

In the modified Bejan number, the contribution of conduction is replaced by
viscous dissipation, because conduction in regenerators is independent from convection
and viscous dissipation. Convective heat transfer and viscous dissipation are, however,
generally correlated. The improvement of heat transfer in regenerators usually will also
̇ ′′′
result in more viscous dissipation. In other words, the reduction of < 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> can
̇ ′′′
simultaneously lead to increasing of < 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>. Therefore, in theory, the total combined
entropy generation form convection and viscous dissipation can be minimalized when
𝐵𝑒𝑐𝑜𝑛𝑣 = 0.5. 𝐵𝑒𝑐𝑜𝑛𝑣 can be useful when the axial conduction, total mass flow rate, and
warm-to-cold end temperature gradient are all kept constant.
The second criterion is the Performance Evaluation Factor (PEF) which represents
the entropy generation rate in a regenerator:
𝑃𝐸𝐹 =

̇ ′′′ 𝑉
̇ ′′′
𝑆𝑔𝑒𝑛
𝑆𝑔𝑒𝑛
=
𝑚̇𝑡𝑜𝑡,𝑚𝑎𝑥 (𝑇ℎ − 𝑇𝑐 ) 𝜌𝑓 𝑈∞,𝑚𝑎𝑥 𝑑𝑇⁄
𝑑𝑥

(71)

where 𝑉 is the volume of the regenerator, 𝑚̇𝑡𝑜𝑡,𝑚𝑎𝑥 is the total mass flow rate amplitude,
and 𝑇ℎ and 𝑇𝑐 are the warm and cold end temperatures, respectively. Thus, 𝑃𝐸𝐹 represents
the rate of entropy generation per unit mass flow rate per unit warm-to-cold end
temperature difference through the regenerator. When designing a regenerator, the mass
flow rate amplitude and warm-to-cold end temperature difference are usually determined
by the desired working condition of the cryocooler. Therefore 𝑃𝐸𝐹 can be especially useful
for the optimization of regenerators.

6.6.

Results
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The predictions of entropy generation by the semi-analytical approximation,
Equation 65, 66, 67 and 68, and the pore-level CFD simulation were analyzed. As
mentioned earlier, ̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 and 𝑑𝑃/𝑑𝑥 are required for solving Equation 65. Because there
was no available empirical correlation for the modelled geometry and flow condition,
̅̅̅̅̅̅̅
ℎ𝑐𝑜𝑛𝑣 and 𝑑𝑃/𝑑𝑥 were calculated using the CFD simulations. The cylinder diameter, 𝐷,
and the flow velocity amplitude, 𝑈∞,𝑚𝑎𝑥 , were the variables that were varied
parametrically in this research. Among the cases in this research, the Reynolds number
ranges from 8 to 55, and the diameter of cylinders, 𝐷, ranges from 40 µm to 160 µm. As a

Figure 64. The prediction of volumetric entropy generation rate by CFD and Equation
65 vs. Reynolds number; 𝐷 = 80𝜇𝑚.
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comparison, the regenerator matrix in the PTC that was tested in the Section 3.3. has 𝑅𝑒
from 10 to 50 and wire diameter 𝐷 = 12𝜇𝑚.
6.6.1.

Prediction of Volumetric Entropy Generation Rate
Figure 64 and Figure 65 show the predicted volumetric entropy generation rates

̇ ′′′
̇ ′′′
due to heat transfer, < 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
>, and viscous dissipation, < 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>. The results from
both CFD and analytical mothed are presented in these figures. The cases in Figure 64 were
based on the geometry with 𝐷 = 80µ𝑚. But the Reynolds number is varying. The cases
in Figure 65 have the same velocity amplitude, 𝑈∞,𝑚𝑎𝑥 = 0.952𝑚/𝑠, but different cylinder

Figure 65. The prediction of volumetric entropy generation rate by CFD and Equation
65 vs. Cylinder diameter 𝐷; 𝑈∞,𝑚𝑎𝑥 = 0.952𝑚/𝑠.
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diameters, 𝐷. Both Figure 64 and Figure 65 show very good agreement between the
̇ ′′′
predictions of the entropy generation due to viscous dissipation, < 𝑆𝑔𝑒𝑛,𝑣𝑖𝑠
>, by the semianalytical model and CFD simulations. However, the entropy generation due to heat
̇ ′′′
transfer, < 𝑆𝑔𝑒𝑛,ℎ𝑒𝑎𝑡
>, is slightly underpredicted by the semi-analytical approximation
when 𝑅𝑒 or 𝐷 are small.
6.6.2.

The Relationship Between Total Volumetric Entropy Generation Rate and
Modified Bejan Number

̇ ′′′ > vs.
Figure 66. Total cycle-averaged volumetric entropy generation rate < 𝑆𝑔𝑒𝑛
modified Bejan number for 𝑈∞,𝑚𝑎𝑥 = 0.952𝑚/𝑠.
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The modified Bejan number, 𝐵𝑒𝑐𝑜𝑛𝑣 , can be used to minimize the total entropy
generation from convection and conduction. It is useful when the axial conduction, total
mass flow, and warm-to-cold temperature are constant.
Figure 66 shows the results from an example. The flow velocity amplitude was kept
constant at 𝑈∞,𝑚𝑎𝑥 = 0.952𝑚/𝑠 while the diameter of the cylinders was varied. The
̇ ′′′ > and
relationship between total cycle-averaged volumetric entropy generation < 𝑆𝑔𝑒𝑛
𝐵𝑒𝑐𝑜𝑛𝑣 is shown in Figure 66, where the x-axis shows the modified Bejan number, 𝐵𝑒𝑐𝑜𝑛𝑣 ,
̇ ′′′ >. Because <
and the y-axis shows the total volumtric entropy generation rate, < 𝑆𝑔𝑒𝑛
̇ ′′′
̇ ′′′
𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> and < 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑑
> cannot be calculated seperately in the CFD model, the
analytical method was used for the calculation of 𝐵𝑒𝑐𝑜𝑛𝑣 . Both CFD and analytical method
̇ ′′′ > can be minimized when 𝐵𝑒𝑐𝑜𝑛𝑣 ~ 0.5.
indicate that < 𝑆𝑔𝑒𝑛

Figure 67. Estimated PEF using CFD
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6.6.3.

Performance Evaluation Factor (PEF)
The use of modified Bejan number, 𝐵𝑒𝑐𝑜𝑛𝑣 , is limited to the conditions when the

axial conduction, warm-to-cold end temperature difference, and total mass flow rate
amplitude do not change. However, the axial conduction usually changes once the design
of a regenerator is modified. The proposed Performance Evaluation Factor, 𝑃𝐸𝐹, defined
in Equation 71 is a more universal indicator that can be used to evaluate the performance
of a regenerator when these parameters change. When 𝑃𝐸𝐹 is minimized, the total entropy
generation in a regenerator at a certain design criterion will be minimized.
The comprehensive relationship between 𝑃𝐸𝐹, 𝐷, and 𝑅𝑒 is shown in Figure 67
and Figure 68 is from the approximate analytical solution. The x-axis shows Reynolds
number, 𝑅𝑒, the y-axis shows the diameter of the cylinders, 𝐷, and the z-axis shows the

Figure 68. Estimated PEF using semi-analytical approach
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Performance Evaluation Factor, 𝑃𝐸𝐹. Figure 67 and Figure 68 present the results from the
CFD model simulations and the semi-analytical calculations, respectively. The results in
the figures are close. Both methods indicate that 𝑃𝐸𝐹 can be minimized at the point where
𝐷 = 100µ𝑚 and 𝑅𝑒 = 18.4 for the specific cases studied in this research. Similar
relationship can be quickly generated using the approximate semi-analytical method for
any regenerator with given total mass flow rate and warm-to-cold temperature difference.
The optimal design of the regenerator can then be found.

6.7.

Concluding Remarks
The second law analysis in terms of entropy generation has been used to analyze

the losses in regenerators. A semi-analytical method and a pore-level CFD method were
developed in this research for entropy generation minimization. Additionally, two criteria,
a modified Bejan number, 𝐵𝑒𝑐𝑜𝑛𝑣 , and a Performance Evaluation Factor, 𝑃𝐸𝐹 , were
proposed to evaluate the performance of a regenerator in terms of entropy generation. The
results yield the following conclusions:
1) 𝐵𝑒𝑐𝑜𝑛𝑣 can be a convenient indicator to optimize regenerators when the
axial conduction, warm-to-cold end temperature difference, and total mass
flow rate are kept constant. It is thus useful when the regenerator in an
existing cryocooler is to be modified while the aforementioned parameters
need to remain unchanged.
2) 𝑃𝐸𝐹 can be a more universal indicator of the performance of regenerators
because the axial conduction is taken into consideration. For any given total
mass flow rate and warm-to-cold temperature difference, a comprehensive
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relationship between 𝑃𝐸𝐹, 𝐷, and 𝑅𝑒 can be generated. The optimal design
for the given condition can then be determined.
3) In general, the analytical approximations showed a good agreement with
̇ ′′′
pore-level CFD model simulations. The quantity < 𝑆𝑔𝑒𝑛,𝑐𝑜𝑛𝑣
> can be
slightly underpredicted by the analytical approximation when 𝑅𝑒 or 𝐷 are
small.
4) When empirical correlations for convective heat transfer coefficient and
friction factors are available, the semi-analytical approximation provided
by Equation 65, 66, 67 and 68 provides a quick way to evaluate a
regenerator by estimating 𝐵𝑒𝑐𝑜𝑛𝑣 and 𝑃𝐸𝐹.
5) When empirical correlations for convective heat transfer coefficient and
friction factors are unavailable, pore-level CFD model is an alternative
method to calculate 𝐵𝑒𝑐𝑜𝑛𝑣 and 𝑃𝐸𝐹.
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CHAPTER 7:

7.1.

CONCLUSIONS

Summary
The purposes of the researches in this thesis is to investigate the losses in the two

most important components, pulse tubes and regenerators, in PTCs, as well as developing
systematic methods for future PTC-related research.
The pulse tube is a hollow empty tube where streaming and convection which can
result in significant cooling deterioration can occur. The study was initiated by a
complementary study to the component-level PTC simulations in Mulcahey’s thesis [56].
In the study, a component-level half symmetric CFD model which models a pulse tube and
the two adjacent heat exchangers was developed to investigate the natural convective
instability caused by asymmetric gravitational force. Overall, 145 new cases with different
aspect ratios, warm-end temperatures, cold-end temperatures, mass flow rates, driving
frequencies, and pressure-to-mass-flow phase relationships were simulated. Experiments
were also performed using a prototypical commercial Stirling-type PTC. When comparing
the CFD predictions with experiments, it was found that CFD models predicted a weaker
sensitivity to the misalignment of the pulse tube with respect to gravity.
In order to investigate the causes of the discrepancy between CFD models and
experiments, experiments as well as a coupled 1D-CFD model were developed. The
experiments and the coupled 1D-CFD model were based on the same commercial
prototypical PTC that had been used earlier. Because they are based on the same geometry,
the difference between the experiment and the coupled 1D-CFD model could be carefully
controlled and investigated. The cooling performance of the PTC was measured at different
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cold-end temperatures, driving powers, and orientation angles. All the experimental cases
were also modeled using the coupled 1D-CFD model. A comparison between the
experiments and simulations showed a discrepancy that was found earlier in the
component-level simulations.
An extensive data set including the results from the component-level simulations,
the experiments and the coupled 1D-CFD simulations as well as gathered external
experimental data were analyzed. All the data were characterized in terms of nondimensional loss of net energy flow as well as the non-dimensional pulse tube convection
number. The results indicate that the magnitude of cooling power loss decays exponentially
with increasing the pulse tube convection number and orientation sensitivity is minimized
by applying the design which yields the highest laminar Reynolds number in the pulse tube.
The reported relationship in Figure 35, Figure 36, Equation 44 and Equation 45 can be used
for scoping purpose when design a PTC.
The developed coupled 1D-CFD model is a fast and powerful tool that can resolve
multi-dimensional flow features in the pulse tubes of PTCs without requiring massive
computational resources that a system-level CFD model would. Using this coupled 1DCFD model, some commonly neglected minor off-design geometric features were
investigated. There is commonly a small change of flow area of the pulse tube caused by
the shell of the pulse tube. This minor geometric feature exists in the PTC prototype and
was neglected in previous CFD simulations because its small dimensions. Such a small
feature normally will be neglected in CFD models in industrial applications. A parametric
study was conducted in order to investigate the possible influence of this type of minor offdesign geometric features to cooling performance of PTCs. It was found that, despite their
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small dimensions, the minor off-design geometric features can cause significant cooling
deterioration, especially when the PTC is not installed at the optimal orientation with
respect to gravity. Even tiny off-design geometry features, when combined, can result in
very difference cooling performances.
Additionally, PTCs can experience near-periodic heaving or side-to-side motions
in some applications, in particular on moving platforms, such as boats, vehicles and
aircrafts. An experiment was designed to investigate the cooling performance of the
aforementioned prototype PTC when it is experiencing these periodic motions. A 3dof
motion platform that can simulate heaving (up-and-down) and rolling (side-by-side)
movements was designed and built. The cooling power of the commercial PTC prototype
that was used in the previous experiment was measured under heaving and rolling
movements. It was found that when the PTC was installed at the optimal orientation with
respect to gravity, i.e., vertical with cold end pointing down, heaving and rolling motions
do not have significant effects. However, when the PTC was positioned with the cold end
pointing up, heaving and rolling motions could cause up to 5% and 10% drop in cooling,
respectively. The fluctuation of cooling power was also increased to up to 15% by heaving
and rolling motions. These results show that when the acceleration caused by the heaving
and rolling motions are much smaller than gravitational acceleration, the effect of the
motions can be suppressed by gravity when the PTC has the ideal orientation. However,
when the PTC is misaligned with respect to gravity, periodic motions can cause extra
cooling deterioration.
The losses in regenerators were also studied in terms of entropy generation. The
design of a regenerator is trivial when it is based on the first law of thermodynamics, or
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second-law analyses that rely on macroscopic-level exergy considerations. In this study, a
semi-analytical method that can estimate the entropy generation in regenerators was
developed. In combination with the semi-analytical method, a modified Bejan number
(𝑅𝑒𝑐𝑜𝑛𝑣 ) and a Performance Evaluation Factor (PEF) were proposed as indicators to
evaluate the performance of regenerators. The semi-analytical method was empirically
corrected and compared with pore-level CFD simulations. The results indicate that the
analysis of entropy generation using 𝑅𝑒𝑐𝑜𝑛𝑣 and 𝑃𝐸𝐹 along with the developed semianalytical method can be used as a fast tool to find the optimal regenerator design, at least
in the scoping design phase.

7.2.

Contributions
The contributions of this study consist of several aspects.
Firstly, the coupled 1D-CFD modeling method, that was developed is a novel and

useful tool which resolves important multi-dimensional flow features and simulates the
highly coupled PTC system in its entirety with the expense of a component-level CFD
model. The approach can be replicated by other researchers and offers the community an
efficient way to study PTCs.
Secondly, the discoveries in this study indicate that, unlike the commonly held
belief, the effects of some commonly neglected minor off-design geometric features can
be significant and may lead to a sizable deterioration of the cooling power on a PTC. This
is particularly true when a multitude of such geometric off-design features occur at the
same time, and when the PTC is operating while it is misaligned with respect to gravity.
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Thirdly, the effects of periodic heaving and rolling motions on the performance of
a PTC were experimentally studied. It was found that these effects can be small when a
PTC is ideally aligned with respect to gravity, but they can lead to significant deterioration
of the cooling power of a PTC when the PTC is significantly misaligned with respect to
gravity.
And last but not least, the developed semi-analytical method in combination with
the purposed modified Bejan number (𝐵𝑒𝑐𝑜𝑛𝑣 ) and Performance Evaluation Factor (PEF)
can be a fast and useful approach for finding the optimal design of regenerators in the
scoping phase of design.

7.3.

Future Work

7.3.1.

Experimental Study Regarding Minor Geometric Features
The study in Chapter 4 investigated some common off-design minor geometric

features that may result in extra cooling deterioration. But there are other minor geometric
features that may exist in PTCs. An experimental study regarding these minor geometric
features is recommended. No matter what and how many parameters regarding minor
geometric features were studied in CFD models, they are still simplified and idealized
representations of what may exist in real-world PTCs. There are features, especially
inhomogeneous features, that cannot be easily represented in CFD models. Therefore, an
carefully controlled experimental study that investigates these commonly ignored minor
geometric features that exist in real PTCs can be of special interest.
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7.3.2.

Computational Study regarding Periodic Motions and Experiments with
Higher Frequency and Amplitude
A CFD study regarding the effect of periodic motions on PTCs can be helpful for

researchers to understand this phenomenon. More details about the flow field in pulse tubes
can be revealed in CFD simulations. Stronger motions can also be modeled easily without
fundamental improvement of research facilities. In my experiment, due to the limitation of
the motion platform, the motions that were simulated in Chapter 5 are relatively mild
compared with what PTCs can experience in real-world applications. Therefore, an
experimental or computational study that includes stronger motions can be an interesting
topic for future researches.
7.3.3.

Comparison between the Semi-analytical Method and Other Methods based
on other Porous Matrices
The semi-analytical method developed in Section 6.3. has two empirical correction

factors. These factors were calibrated using a series of CFD simulations that model the
flow through parallel staggered cylinders on the pore level. It will be of interest to know
whether these correction factors are universal or not for other geometries, such as stacked
screens and packed spheres, which are commonly used in regenerators. The flow through
these geometries can be modeled using pore-level 3D CFD modeling or reduced-order
methods such as REGEN.
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APENDIX A.

UDF THAT DEFINES PRESSURE BOUNDARY

CONDITION

#include "udf.h"
/*
* Define operation parameters
*/
#define freq 60.0
real omega = 2 * M_PI*freq;
#define P1 262000
#define P1_phi 0.0
/*
* Define the function for pressure profile
*/
DEFINE_PROFILE(p_outlet, thread, position)
{
face_t f;
real t = CURRENT_TIME;
real omega = 2 * M_PI*freq;
begin_f_loop(f, thread)
{
F_PROFILE(f, thread, position) = (P1*sin(1 *
omega*t + P1_phi*M_PI / 180));
}
end_f_loop(f, thread)
}
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APENDIX B.

MATLAB CODE OF THE 1D MODEL THAT

MODELS 1D-LIKE COMPONENTS

%define number of nodes
n_node = 10;
%define converge criteria
residual_c = 1e-7;
%initial guass of mass flow
mdot_in = 0.004 % kg/s
%define gas properties
mu = 2.0012e-5; %viscosity kg/m-s
a = 1030; %sound speed m/s
rou_m = 3.9664; %mean density kg/m3
P_in = 2500000*0.25; %pressure wave amplitude Pa
omega = 2*pi*90;
L = 1.689; %inertance tube length m
V = 1.025e10; %compliance volume
D = 1.016e-3; %inertance tube internal diameter m
%%%%%%%%%%%%%%%%% initialize impedence network
%%%%%%%%%%%%%%%%%%%
Z_p = zeros(n_node:1);
Z_s = zeros(n_node:1);
Z_R = zeros(n_node:1);
Z_I = zeros(n_node:1);
Z_C = zeros(n_node:1);
P = zeros(n_node+1:1);
vdot = zeros(n_node+1:1);
vdot_old = zeros(n_node+1:1);
vdot_C = zeros(n_node:1);
Re = zeros(n_node:1); % tube Reynolds number
f = zeros(n_node:1); % Fanning fraction factor
Z_rsv = 1/(i*omega*V/a^2/rou_m);
for n=1:10
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vdot(n) = mdot_in/rou_m;
Re(n) = abs(vdot(n))/(pi*D^2/4)*D/mu;
f(n) = 0.046*Re(n)^(-0.2);
Z_R(n) =
64*f(n)*rou_m*abs(vdot(n))*(L/n_node)/(pi^3*D^5);
Z_C(n) = 1/(i*omega*pi*D^2/4*L/n_node/a^2/rou_m);
Z_I(n) = i*omega*4*rou_m*L/n_node/(pi*D^2);
end
Z_s(1) = Z_rsv + Z_R(1) + Z_I(1);
Z_p(1) = 1/(1/Z_s(1) + 1/Z_C(1));
for n=2:10
Z_s(n) = Z_p(n-1) + Z_R(n) + Z_I(n);
Z_p(n) = 1/(1/Z_s(n) + 1/Z_C(n));
end
Z_total = Z_p(n_node)
P(n_node+1) = P_in;
vdot(n_node+1) = 0;
vdot_old = vdot;
vdot(n_node+1) = P_in/Z_total;
%calculate node vdot and pressure
for m=1:10
n = 11-m;
vdot_C(n) = P(n+1)/Z_C(n);
vdot(n) = vdot(n+1) - vdot_C(n);
P(n) = P(n+1) - vdot(n)*(Z_R(n) + Z_I(n));
end
%%%%%%%%%%%%%%%%%%%%%% Do iteration
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
vdot_residual = 1; %initialize residual
n_iter = 0;
while vdot_residual > residual_c
vdot_old = vdot;
%update resistance
for n=1:10
Re(n) = abs(vdot(n))/(pi*D^2/4)*D/mu;
f(n) = 0.046*Re(n)^(-0.2);
Z_R(n) =
64*f(n)*rou_m*abs(vdot(n))*(L/n_node)/(pi^3*D^5);
end
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Z_s(1) = Z_rsv + Z_R(1) + Z_I(1);
Z_p(1) = 1/(1/Z_s(1) + 1/Z_C(1));
for n=2:10
Z_s(n) = Z_p(n-1) + Z_R(n) + Z_I(n);
Z_p(n) = 1/(1/Z_s(n) + 1/Z_C(n));
end
Z_total = Z_p(n_node)
%calculate node vdot and pressure
vdot(n_node+1) = P_in/Z_total; %inlet vdot
for m=1:10
n = 11-m;
vdot_C(n) = P(n+1)/Z_C(n);
vdot(n) = vdot(n+1) - vdot_C(n);
P(n) = P(n+1) - vdot(n)*(Z_R(n) + Z_I(n));
end
%calculate residual
n_iter = n_iter + 1
vdot_residual = abs(vdot(n_node+1) vdot_old(n_node+1))/abs(vdot(n_node+1))
mdot = vdot(n_node+1)*rou_m;
mass_amplitude = abs(mdot)
angle(mdot)*180/3.14
end
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APENDIX C.

UDF CODE THAT CALCULATES IMPLEMENTS

THE 1D MODEL IN ANSYS FLUENT

#include "udf.h"
/*
* Define operation parameters
*/
#define freq 60.0
real omega = 2 * M_PI*freq;
#define M1 0.008061
#define M1_phi -75
#define P1 262000
#define P1_phi 0.0
#define P_GUESS 210000
/*
* Define
*/
#define L
#define V
#define D

inertance tube and compilance tank parameters
2.749
1.025e-3
7.747e-3

/*
* Define gas properties in inertance tube and compliance
tank
*/
#define MU 2.06e-5
#define A_MACH 1050.0
#define ROU_M 4.15
/*
* Define converge criteria and number of nodes for
calculating impedance
*/
#define R_C 1.0e-7
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#define N_NODE 10
/*
* Define the struct for pressure amplitude and phase angle
calculation
*/
#define MAX_N_STORED 4000
int THREAD_ID_MDOT_BC = 36;
/*
* Define global values for calculating pressure amplitude
and phase angle
*/
real pressure_history[MAX_N_STORED];
int count_pressure_data = 0;
real time_udf = 0;
real m_t = .0;
real m_angle = .0;
/*
*The function to add a pressure data point to pressure
history arrey
*/
void addPressureData(real pressure, real dt)
{
int i = 0;
if (count_pressure_data <= 1 / freq / dt + 2) {
count_pressure_data++;
}
for (i = 0; i < MAX_N_STORED - 1; i++) {
int n = MAX_N_STORED - i - 1;
pressure_history[n] = pressure_history[n - 1];
}
pressure_history[0] = pressure;
}
/*
* Update the last pressure data
*/
void updatePressureData(real pressure)
{
pressure_history[0] = pressure;
}
real calPressureAmplitude(real dt)
{
int num = 1.0 / freq / dt;
149

real maxP = 0.0;
real minP = 0.0;
int i = 0;
for (i = 1; i < num + 2; i++) {
if (pressure_history[i] > maxP) {
maxP = pressure_history[i];
}
if (pressure_history[i] < minP) {
minP = pressure_history[i];
}
}
FILE *fp;
fp = fopen("udfLog.txt", "a");
fprintf(fp, "num = %d. maxP = %f, minP = %f\n", num,
maxP, minP);
fclose(fp);
return (abs(maxP) + abs(minP)) / 2.0;
}
/*
* Define my myComplex type and operations
*/
typedef struct myComplex
{
real r;
real i;
} myComplex;
myComplex add(myComplex thisOne, myComplex other)
{
myComplex temp;
real result_r = thisOne.r + other.r;
real result_i = thisOne.i + other.i;
temp.r = result_r;
temp.i = result_i;
return temp;
}
myComplex minus(myComplex thisOne, myComplex other)
{
myComplex temp;
real result_r = thisOne.r - other.r;
real result_i = thisOne.i - other.i;
temp.r = result_r;
temp.i = result_i;
return temp;
}
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myComplex multiply(myComplex thisOne, myComplex other)
{
myComplex temp;
real result_r = thisOne.r * other.r - thisOne.i *
other.i;
real result_i = thisOne.i * other.r + thisOne.r *
other.i;
temp.r = result_r;
temp.i = result_i;
return temp;
}
myComplex divid(myComplex thisOne, myComplex other)
{
myComplex temp;
real result_r = (thisOne.r * other.r + thisOne.i *
other.i) / (other.r * other.r + other.i * other.i);
real result_i = (thisOne.i * other.r - thisOne.r *
other.i) / (other.r * other.r + other.i * other.i);
temp.r = result_r;
temp.i = result_i;
return temp;
}
real myAbs(myComplex thisOne)
{
return pow(thisOne.r*thisOne.r + thisOne.i*thisOne.i,
0.5);
}
void equ(myComplex *thisOne, myComplex other)
{
(*thisOne).r = other.r;
(*thisOne).i = other.i;
}
/*
* Define the function for pressure profile
*/
DEFINE_PROFILE(p_outlet, thread, position)
{
face_t f;
real t = CURRENT_TIME;
real omega = 2 * M_PI*freq;
begin_f_loop(f, thread)
{
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F_PROFILE(f, thread, position) = (P1*sin(1 *
omega*t + P1_phi*M_PI / 180));
}
end_f_loop(f, thread)
}
/*
* Define the function for impedance calculation
* buf: the buffer to return mass flow rate and the phase
of mass flow
*/
void calMassFlow(real p_in, real omega, real theta, real
*buf)
{
myComplex one;
one.r = 1.0;
one.i = 0.0;
/*Initialize impedance network*/
myComplex z_p[N_NODE];
myComplex z_s[N_NODE];
myComplex z_r[N_NODE];
myComplex z_i[N_NODE];
myComplex z_c[N_NODE];
myComplex p_n[N_NODE + 1];
myComplex vdot_n[N_NODE + 1];
myComplex vdot_n_old[N_NODE + 1];
myComplex vdot_c_n[N_NODE + 1];
myComplex Re_n[N_NODE];
myComplex f_n[N_NODE];
myComplex z_total;
z_total.r = 0.0;
z_total.i = 0.0;
/*Calculate resoiver impedance*/
myComplex z_rev;
z_rev.i = -1.0 / (omega*V / A_MACH / A_MACH / ROU_M);
z_rev.r = 0.0;
/*Generate initial field*/
int n;
for (n = 0; n < N_NODE; n++)
{
vdot_n[n].r = M1 / ROU_M;
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vdot_n[n].i = 0.0;
Re_n[n].r = myAbs(vdot_n[n]) / (M_PI*D*D / 4.0)*D
/ MU;
Re_n[n].i = 0.0;
f_n[n].r = 0.046*pow(Re_n[n].r, -0.2);
f_n[n].i = 0.0;
z_r[n].r = 64.0 * f_n[n].r *
ROU_M*myAbs(vdot_n[n]) * (L / N_NODE) /
(M_PI*M_PI*M_PI*pow(D, 5.0));
z_r[n].i = 0.0;
z_c[n].r = 0.0;
z_c[n].i = -1.0 / (omega*M_PI*D*D / 4.0 * L /
N_NODE / A_MACH / A_MACH / ROU_M);
z_i[n].r = 0.0;
z_i[n].i = omega * 4.0 * ROU_M*L / N_NODE /
(M_PI*D*D);
}
equ(&z_s[0], add(add(z_rev, z_r[0]), z_i[0]));
equ(&z_p[0], divid(one, add(divid(one, z_s[0]),
divid(one, z_c[0]))));
for (n = 1; n < N_NODE; n++)
{
equ(&z_s[n], add(add(z_p[n - 1], z_r[n]),
z_i[n]));
equ(&z_p[n], divid(one, add(divid(one, z_s[n]),
divid(one, z_c[n]))));
}
equ(&z_total, z_p[N_NODE - 1]);
p_n[N_NODE].r = p_in;
p_n[N_NODE].i = 0.0;
vdot_n[N_NODE].r = 0.0;
vdot_n[N_NODE].i = 0.0;
for (n = 0; n < N_NODE + 1; n++)
{
equ(&vdot_n_old[n], vdot_n[n]);
}
equ(&vdot_n[N_NODE], divid(p_n[N_NODE], z_total));
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int m;
/*Calculate node vdot*/
for (m = 0; m < N_NODE; m++)
{
int n = 9 - m;
equ(&vdot_c_n[n], divid(p_n[n + 1], z_c[n]));
equ(&vdot_n[n], minus(vdot_n[n + 1],
vdot_c_n[n]));
equ(&p_n[n], minus(p_n[n + 1],
multiply(vdot_n[n], add(z_r[n], z_i[n]))));
}
/*Do iterations*/
real vdot_residual = 1;
int n_iter = 0;
while (vdot_residual > R_C)
{
for (n = 0; n < N_NODE + 1; n++)
{
equ(&vdot_n_old[n], vdot_n[n]);
}
/*update resistance*/
for (n = 0; n < N_NODE; n++)
{
Re_n[n].r = myAbs(vdot_n[n]) / (M_PI*D*D /
4.0)*D / MU;
Re_n[n].i = 0.0;
f_n[n].r = 0.046*pow(Re_n[n].r, -0.2);
f_n[n].i = 0.0;
z_r[n].r = 64.0 * f_n[n].r *
ROU_M*myAbs(vdot_n[n]) * (L / N_NODE) /
(M_PI*M_PI*M_PI*pow(D, 5.0));
z_r[n].i = 0.0;
}
equ(&z_s[0], add(add(z_rev, z_r[0]), z_i[0]));
equ(&z_p[0], divid(one, add(divid(one, z_s[0]),
divid(one, z_c[0]))));
for (n = 1; n < N_NODE; n++)
{
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equ(&z_s[n], add(add(z_p[n - 1], z_r[n]),
z_i[n]));
equ(&z_p[n], divid(one, add(divid(one,
z_s[n]), divid(one, z_c[n]))));
}
equ(&z_total, z_p[N_NODE - 1]);
equ(&vdot_n[N_NODE], divid(p_n[N_NODE],
z_total));
/*Calculate node vdot*/
for (m = 0; m < N_NODE; m++)
{
int n = 9 - m;
equ(&vdot_c_n[n], divid(p_n[n + 1],
z_c[n]));
equ(&vdot_n[n], minus(vdot_n[n + 1],
vdot_c_n[n]));
equ(&p_n[n], minus(p_n[n + 1],
multiply(vdot_n[n], add(z_r[n], z_i[n]))));
}
/*Calculate residual*/
n_iter++;
vdot_residual = (myAbs(vdot_n[N_NODE]) myAbs(vdot_n_old[N_NODE])) / myAbs(vdot_n[N_NODE]);
}
real m_amplitude = myAbs(vdot_n[N_NODE])*ROU_M;
real angle = atan(vdot_n[N_NODE].i /
vdot_n[N_NODE].r);
buf[0] = m_amplitude;
buf[1] = angle;
}
/*
* Define the fucntion for mass flow profile
*/
DEFINE_PROFILE(mdot_inlet, thread, position)
{
face_t f;
real t = CURRENT_TIME;
real dt = CURRENT_TIMESTEP;

155

/*calculate the average pressure on the boundary*/
real area = 0.0;
real p_a_sum = 0.0;
real darea_v[ND_ND];
begin_f_loop(f, thread)
{
F_AREA(darea_v, f, thread);
area += NV_MAG(darea_v);
p_a_sum += NV_MAG(darea_v)*F_P(f, thread);
}
end_f_loop(f, thread)
real p_mean = p_a_sum / area;
/*********/
if (t > time_udf) { /*if the 1st time call this
function in the time step*/
addPressureData(p_mean, dt); /*add pressure
data*/
real mdot[2] = { 0, 0 };
real theta = 0;
real pAmplitude = 0;
if (count_pressure_data < 1 / freq / dt + 2) {
theta = t;
pAmplitude = P_GUESS;
calMassFlow(pAmplitude, omega, theta, mdot);
}
else {
theta = t;
pAmplitude = calPressureAmplitude(dt);
if (pAmplitude != 0) {
calMassFlow(pAmplitude, omega, theta,
mdot);
}
}
m_t = -(mdot[0] * sin(1.0 * omega*theta +
mdot[1]));
m_angle = mdot[1];
FILE *fp; /* define a local pointer fp of type
FILE */
fp = fopen("udfLog.txt", "a");
named data.txt in

156

/* open a file

read-only
mode and assign it to fp */
fprintf(fp, "Pressure data recorded %i. The
pressure amplitude is %f Pa. The mass flow at %f s is %f
kg/s. Calculated mass flow angle is %f\n",
count_pressure_data, pAmplitude, t, m_t, m_angle);
fclose(fp);
time_udf = t;
}
else {/*if not the 1st time call this function in the
time step*/
updatePressureData(p_mean); /*update the pressure
data*/
}
begin_f_loop(f, thread)
{
F_PROFILE(f, thread, position) = m_t;
}
end_f_loop(f, thread)
}
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APENDIX D.

MOTION PLATFORM CONTORLLING

PROGRAM

MotionPlatformControllor.java
----------------------------------------------------------import java.awt.BorderLayout;
import java.awt.event.ActionEvent;
import java.awt.event.ActionListener;
import
import
import
import

javax.swing.JButton;
javax.swing.JComboBox;
javax.swing.JFrame;
javax.swing.JPanel;

import com.fazecast.jSerialComm.SerialPort;
public class MotionPlatformControllor {
static SerialPort chosenPort;
static int x = 0;
static boolean portingIndicator = false;
private static PositionGen positionGenerator;
private static SerialCommunicator sCommunicator;
public static void main(String[] args) {
positionGenerator = new PositionGen();
sCommunicator = new SerialCommunicator();
// create and configure the window
JFrame window = new JFrame();
window.setTitle("Motion Platform Controllor");
window.setSize(800, 800);
window.setLayout(new BorderLayout());
window.setDefaultCloseOperation(JFrame.EXIT_ON_CLOSE);
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// create a drop-down box and connect button,
then place them at the top of the window
JComboBox<String> portList = new
JComboBox<String>();
JButton connectButton = new JButton("Connect");
JPanel topPanel = new JPanel();
topPanel.add(portList);
topPanel.add(connectButton);
window.add(topPanel, BorderLayout.NORTH);
// populate the drop-down box
SerialPort[] portNames =
SerialPort.getCommPorts();
for(int i = 0; i < portNames.length; i++)
portList.addItem(portNames[i].getSystemPortName());
//Create the panel for movement inputs
MovementPanel movePanel = new MovementPanel();
//Add midPanel
window.add(movePanel.getPanel(),
BorderLayout.CENTER);
// create the line graph
window.add(sCommunicator.getSignalMonitor(),
BorderLayout.SOUTH);
// configure the connect button and use another
thread to send data
connectButton.addActionListener(new
ActionListener(){
@Override public void
actionPerformed(ActionEvent arg0) {
if(connectButton.getText().equals("Connect")) {
// attempt to connect to the
serial port
chosenPort =
SerialPort.getCommPort(portList.getSelectedItem().toString(
));
chosenPort.setComPortTimeouts(SerialPort.TIMEOUT_SCANN
ER, 0, 0);
//series.clear();
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if(chosenPort.openPort()) {
if(true) {
// Set portingIndicator to

//
TRUE

portingIndicator = true;
// Create motor position
generator
positionGenerator.resetValue(movePanel.getAmplitude(),
movePanel.getMovementType(), movePanel.getFrequecy(),
movePanel.getBitWidth());
// Change the button text
connectButton.setText("Disconnect");
portList.setEnabled(false);
// Hook up serial
communicator
sCommunicator.setPort(chosenPort);
sCommunicator.setPositionGen(positionGenerator);
// Communicate with ardunio
sCommunicator.startEngine();
sCommunicator.sendEnginePosition();
}
} else {
Thread thread = new Thread(){
@Override public void run() {
// Shut down engine
sCommunicator.shutDownEngine();
try {Thread.sleep(100);
} catch(Exception e) {}
// disconnect from the
serial port
portList.setEnabled(true);
portingIndicator =
false;
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connectButton.setText("Connect");
chosenPort.closePort();
}
};
thread.start();
}
}
});
// show the window
window.setVisible(true);
}
}
----------------------------------------------------------MovementPanel.java

----------------------------------------------------------import java.awt.BorderLayout;
import java.awt.Dimension;
import java.awt.GridLayout;
import java.text.NumberFormat;
import
import
import
import

javax.swing.JComboBox;
javax.swing.JFormattedTextField;
javax.swing.JLabel;
javax.swing.JPanel;

/**
* This class creates and controls input text panel.
*
* @author Tao_yoga
*
*/
public class MovementPanel {
//

private
private
private
private

int movementType; // 0 = Heave, 1 = Roll
double amplitude;
double frequency;
int bitWidth;

private NumberFormat ampFormat;
private NumberFormat freqFormat;
private NumberFormat bWidthFormat;
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private
private
private
private

JLabel
JLabel
JLabel
JLabel

movementLabel;
ampLabel;
freqLabel;
bWidthLabel;

private static String movementString = "Movement Type:
";
private static String ampString = "Amplitude (%): ";
private static String freqString = "Frequency: ";
private static String bWidthString = "Output Bits: ";
private
private
private
private

JComboBox<String> mTypeBox;
JFormattedTextField ampField;
JFormattedTextField freqField;
JFormattedTextField bWidthField;

private JPanel panel;
public MovementPanel()
{
panel = new JPanel();
setUpFormats();

//

//Create text fields
mTypeBox = new JComboBox<String>();
mTypeBox.addItem("Heave");
mTypeBox.addItem("Roll");
movementType = 0;
ampField = new JFormattedTextField(ampFormat);
amplitude = 0.5;
ampField.setValue(amplitude);
ampField.setColumns(10);
freqField = new JFormattedTextField(freqFormat);
frequency = 0.2;
freqField.setValue(frequency);
freqField.setColumns(10);

bWidthField = new
JFormattedTextField(bWidthFormat);
bitWidth = 10;
bWidthField.setValue(bitWidth);
bWidthField.setColumns(10);
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//Create the labels
movementLabel = new JLabel(movementString);
ampLabel = new JLabel(ampString);
bWidthLabel = new JLabel(bWidthString);
freqLabel = new JLabel(freqString);
//Assign labels to text fields
movementLabel.setLabelFor(mTypeBox);
movementLabel.setPreferredSize(new Dimension(100,
25));
ampLabel.setLabelFor(ampField);
ampLabel.setPreferredSize(new Dimension(100,
25));
freqLabel.setLabelFor(freqField);
freqLabel.setPreferredSize(new Dimension(100,
25));
bWidthLabel.setLabelFor(bWidthField);
bWidthLabel.setPreferredSize(new Dimension(100,
25));
//Lay out the labels in a panel.
JPanel labelPane = new JPanel(new GridLayout(0,1));
labelPane.add(movementLabel);
labelPane.add(ampLabel);
labelPane.add(freqLabel);
labelPane.add(bWidthLabel);
//Layout the text fields in a panel.
JPanel fieldPane = new JPanel(new GridLayout(0,1));
fieldPane.add(mTypeBox);
fieldPane.add(ampField);
fieldPane.add(freqField);
fieldPane.add(bWidthField);
panel.add(labelPane, BorderLayout.CENTER);
panel.add(fieldPane, BorderLayout.LINE_END);
}
private void setUpFormats() {
ampFormat = NumberFormat.getPercentInstance();
freqFormat = NumberFormat.getNumberInstance();
bWidthFormat = NumberFormat.getIntegerInstance();
}
/**
* Return the text panel for motor movement.
*/
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public JPanel getPanel()
{
return panel;
}
/**
* Return the type movement.
* 0 = Heave
* 1 = Roll
*/
public int getMovementType()
{
return mTypeBox.getSelectedIndex();
}
/**
* Return frequency input.
*/
public double getFrequecy()
{
return ((Number)
freqField.getValue()).doubleValue();
}
/**
* Return amplitude input.
*/
public double getAmplitude()
{
return ((Number)
ampField.getValue()).doubleValue();
}
/**
* Return bit width input.
* 10 by default.
* Do not change.
*/
public int getBitWidth()
{
return ((Number)
bWidthField.getValue()).intValue();
}
}
-----------------------------------------------------------
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PositionGen.java
----------------------------------------------------------/**
* This class calculates the positions of three motors
based on the inputs.
*
* @author Tao_yoga
*
*/
public class PositionGen {
private
private
private
private

double amplitude;
int movementType; // 0 = heave, 1 = Roll
double frequency; // [Hz]
int biteWidth;

public PositionGen()
{
amplitude = 0.5;
movementType = 0;
frequency = 0.2;
biteWidth = 10;
}
public PositionGen(double amp, int mType, double freq,
int bWidth)
{
amplitude = amp;
movementType = mType;
frequency = freq;
biteWidth = bWidth;
}
public void resetValue(double amp, int mType, double
freq, int bWidth)
{
amplitude = amp;
movementType = mType;
frequency = freq;
biteWidth = bWidth;
}
public int[] getMotorPosition()
{
int[] motorPosition = new int[3];
double currentTime;
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double position;
//
long currentTime =
Time.valueOf(LocalTime.now()).getTime();
switch (movementType) {
case 0:
currentTime =
java.lang.System.currentTimeMillis(); //current time in
milliseconds
position = amplitude / 2.0 * Math.sin(2 *
Math.PI * frequency * currentTime / 1000.0) + 1.0 / 2; //
range 0~1
motorPosition[0] = (int) (Math.pow(2,
biteWidth) * position);
motorPosition[1] = motorPosition[0];
motorPosition[2] = motorPosition[0];
break;
case 1:
currentTime =
java.lang.System.currentTimeMillis(); //current time in
seconds
position = amplitude / 2.0 * Math.sin(2 *
Math.PI * frequency * currentTime / 1000.0) + 1.0 / 2; //
range 0~1
motorPosition[1] = (int) (Math.pow(2,
biteWidth) * position);
motorPosition[2] = (int) (Math.pow(2,
biteWidth) * (1 - position));
motorPosition[0] = (int) (Math.pow(2,
biteWidth) / 2);
break;
default:
break;
}
return motorPosition;
}
}
----------------------------------------------------------SerialCommunicator.java
----------------------------------------------------------import java.io.ByteArrayOutputStream;
import java.io.IOException;
import java.io.UnsupportedEncodingException;
import org.jfree.chart.ChartFactory;
import org.jfree.chart.ChartPanel;
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import org.jfree.chart.JFreeChart;
import org.jfree.data.xy.XYSeries;
import org.jfree.data.xy.XYSeriesCollection;
import com.fazecast.jSerialComm.SerialPort;
/**
* This class sends start up, shut down and update motor
positions to arduino.
* It also provides a signal monitor that shows current
sending signal.
*
* @author Tao_yoga
*
*/
public class SerialCommunicator {
private static int sendFrequency = 8;
private static String startUpCommand = "XE00C";
private static String shutDownCommand = "XECCC";
private SerialPort port;
private boolean updatingIndicator; // Whether keeping
update position
private Thread startUpThread;
private Thread shutDownThread;
private Thread sendThread;
private
private
private
private
private

ChartPanel disPanel;
XYSeries series;
XYSeriesCollection dataset;
JFreeChart chart;
int x;

private PositionGen pGenerator;
/**
* Constructor
*/
public SerialCommunicator()
{
// create the line graph
x = 0;
series = new XYSeries("Sending Signal Plot");
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dataset = new XYSeriesCollection(series);
chart = ChartFactory.createXYLineChart("Motor 3
position", "Time (1s/frequency)", "unsigned 10-bit
position", dataset);
disPanel = new ChartPanel(chart);
initialThreads();
}
/**
* Set serial port
* @param p port
*/
public void setPort(SerialPort p)
{
this.port = p;
}
/**
* Set PositionGen
* @param pGen PositionGen
*/
public void setPositionGen(PositionGen pGen)
{
this.pGenerator = pGen;
}
/**
* Send start engine command.
*/
public void startEngine()
{
initialThreads();
updatingIndicator = true;
startUpThread.start();
}
/**
* Terminate sendThread and send shut down command to
engine.
* @return Whether stopped sending signal
*/
public boolean shutDownEngine()
{
updatingIndicator = false;
//
while(!sendThread.isInterrupted())
//
{
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//
//
//
//
//
//

try {
sendThread.interrupt();
} catch (Exception e) {
// TODO: handle exception
}
}
shutDownThread.start();
return !sendThread.isAlive();
}
/**
* Send positions to the motor.
*/
public void sendEnginePosition()
{
sendThread.start();
}
/**
* Get the panel shows sending signal.
* @return
*/
public ChartPanel getSignalMonitor()
{
return disPanel;
}

private byte[] shortToBytes(short value) {
byte[] returnByteArray = new byte[2];
returnByteArray[1] = (byte) (value & 0xff);
returnByteArray[0] = (byte) ((value >>> 8) &
0xff);
return returnByteArray;
}
private void initialThreads()
{
startUpThread = new Thread(){
@Override public void run() {
// wait after connecting, so the
bootloader can finish
try {Thread.sleep(100); }
catch(Exception e) {}
// enter an infinite loop that sends
text to the arduino
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//
PrintWriter output = new
PrintWriter(port.getOutputStream());
//
output.print(startUpCommand);
//
output.flush();
ByteArrayOutputStream byteOut = new
ByteArrayOutputStream();
try {
byteOut.write(startUpCommand.getBytes("UTF-8"), 0,
startUpCommand.getBytes("UTF-8").length);
} catch (UnsupportedEncodingException
e) {
// TODO Auto-generated catch block
e.printStackTrace();
}
try {
byteOut.writeTo(port.getOutputStream());
System.out.println(byteOut.toString("UTF-8"));
byteOut.flush();
} catch (IOException e) {
// TODO Auto-generated catch block
e.printStackTrace();
}
//
try {Thread.sleep(100); }
catch(Exception e) {}
}
};
shutDownThread = new Thread(){
@Override public void run() {
// wait after connecting, so the
bootloader can finish
try {Thread.sleep(100); }
catch(Exception e) {}
// enter an infinite loop that sends
text to the arduino
//
PrintWriter output = new
PrintWriter(port.getOutputStream());
//
output.print(shutDownCommand);
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//

output.flush();

ByteArrayOutputStream byteOut = new
ByteArrayOutputStream();
try {
byteOut.write(shutDownCommand.getBytes("UTF-8"), 0,
shutDownCommand.getBytes("UTF-8").length);
} catch (UnsupportedEncodingException
e) {
// TODO Auto-generated catch block
e.printStackTrace();
}
try {
byteOut.writeTo(port.getOutputStream());
System.out.println(byteOut.toString("UTF-8"));
byteOut.flush();
} catch (IOException e) {
// TODO Auto-generated catch block
e.printStackTrace();
}
try {Thread.sleep(100); }
catch(Exception e) {}
}
};
sendThread = new Thread(){
@Override public void run() {
// wait after connecting, so the
bootloader can finish
try {Thread.sleep(1000); }
catch(Exception e) {}
// enter an infinite loop that sends
text to the arduino
//
PrintWriter output = new
PrintWriter(port.getOutputStream());
while(updatingIndicator) { // can only
be executed after sending startup command
int[] motorPosition =
pGenerator.getMotorPosition();
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//
String command = new String();
//
command = "X1" + ((Integer)
motorPosition[0]).toString() + "CX2" + ((Integer)
motorPosition[1]).toString() + "CX3" + ((Integer)
motorPosition[2]).toString() + "C";
//
//
output.print(command);
//
output.flush();
byte[] motor1BytePosition =
shortToBytes((short) motorPosition[0]);
byte[] motor2BytePosition =
shortToBytes((short) motorPosition[1]);
byte[] motor3BytePosition =
shortToBytes((short) motorPosition[2]);
ByteArrayOutputStream byteOut =
new ByteArrayOutputStream();
try {
byteOut.write("X".getBytes("UTF-8"));
byteOut.write("1".getBytes("UTF-8"));
byteOut.write(motor1BytePosition, 0,
motor1BytePosition.length);
byteOut.write("C".getBytes("UTF-8"));
byteOut.write("X".getBytes("UTF-8"));
byteOut.write("2".getBytes("UTF-8"));
byteOut.write(motor2BytePosition, 0,
motor2BytePosition.length);
byteOut.write("C".getBytes("UTF-8"));
byteOut.write("X".getBytes("UTF-8"));
byteOut.write("3".getBytes("UTF-8"));
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byteOut.write(motor3BytePosition, 0,
motor3BytePosition.length);
byteOut.write("C".getBytes("UTF-8"));
//
System.out.println(byteOut.toByteArray()[12]*256 +
byteOut.toByteArray()[13]);
} catch (IOException e1) {
// TODO Auto-generated catch
block
e1.printStackTrace();
}
try {
byteOut.writeTo(port.getOutputStream());
//
System.out.println(byteOut.toString("UTF-8"));
//
System.out.println(motorPosition[2] + ", " +
(byteOut.toByteArray()[12]*256 +
byteOut.toByteArray()[13]));
byteOut.flush();
} catch (IOException e) {
// TODO Auto-generated catch
block
e.printStackTrace();
}
//populates the graph
series.add(x++, motorPosition[2]);
if (x > sendFrequency * 10)
{
x = 0;
series.clear();
}
try {Thread.sleep(1000 /
sendFrequency); } catch(Exception e) {}
}
}
};
}
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}
-----------------------------------------------------------
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